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Abstract
Laser polishing, in its simplest form, is the melting of a thin layer of material via laser
radiation. This creates a small molten pool which is re-distributed across the surface,
resulting in a much smoother finished surface. Although this process has been around for
decades now, there has been a recent insurgence into industrial applications. Despite this,
the phenomena that occur during the process are still not fully understood. Therefore,
increasing the knowledge surrounding the process would be ideal.
To accomplish this, various input parameters of the process are altered to analyze the
effect on the finished polished surface. Through this technique, it becomes possible to
predict the width of a polished track as well as the formation characteristics of the
process. Also, through the implementation of a thermal imaging camera, the thermophysical behavior during the laser polishing process can be analyzed.
The combination of these various studies has increased the understanding of the process
as a whole. Also, the possibility of real-time monitoring and control is introduced, which
would have vast industrial impact.

Keywords
Laser polishing, parameter influence, steady-state zone, transient zone, track width
formation, infrared radiation, thermal imaging, process monitoring
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Chapter 1
Introduction

1

2

1.1 Background
In today’s ever-expanding industrial applications, the main focus of a process is on the
time and cost effectiveness. Therefore, in terms of process improvements, the goal is
often to produce high quality parts while reducing the overall time and cost implications
of the process. With recent advancements in the manufacturing industry, such as highspeed machining and additive manufacturing methods, it has become possible to produce
freeform surfaces and products in a much more cost-effective and time reduced manner.
However, with the improvement of production methods, the demand for high quality
parts has also increased. This demand has led to a high standard being set for not only
parts with high dimensional accuracy, but also parts with near perfect surface finish as
well (Rebeggiani and Rosén 2014). Despite the improvements in manufacturing methods,
it is still necessary to implement a finishing operation into the production to achieve the
required surface finish of the part (Lamikiz et al. 2006, Pessoles and Tournier 2009,
Nagdeve, Jain, and Ramkumar 2016).
Although it is relevant in other industrial applications, the quality of the surface of a
finished part is vastly impactful in terms of molds and dies. This is the case because the
surface of a mold directly impacts the surface of the resulting product being produced via
the mold. For this reason, the surface of a mold needs to be of the highest quality such
that the resulting product is unaffected by any irregularities in the surface of the mold.
Thus, the polishing phase of the production of molds becomes crucial to the overall
process. Without this step in the process chain (Figure 1-1), the finished mold would rely
solely on the machining phase, which would result in molds with unacceptable
dimensions and surface roughness outputs, meaning that the molds would ultimately be
unusable (Grandguillaume et al. 2015, Speich et al. 2013).
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Surface
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Figure 1-1: Process chain for typical mold production
The polishing cost of the machined molds in the mold and die industry is typically
equivalent to approximately 30% of the entire manufacturing cost, which indicates the
importance of this operation (Ukar et al. 2009). Traditional mechanical polishing
techniques, such as grinding or deburring, are less than ideal because they introduce
unnecessary mechanical forces onto the workpiece and are limited to specific workpiece
shapes and sizes due to the tooling involved (Sheng and Liu 1995, Liu and Sheng 1995).
Other techniques such as chemical, electro-chemical or even vibratory grinding are all
widely used polishing techniques, however, they fall short in terms of surface polishing
for molds and other intricate parts. These polishing methods are based around higher
scaled production and large-area polishing, meaning that small details in the part and
freeform surfaces remain unpolished due to the limitations of the polishing methods (Guo
et al. 2012, Perry et al. 2009, Linke et al. 2014). Even if these methods were acceptable in
terms of surface polishing, they are often executed in consecutive steps, which not only
increases the overall production time of the operation but also limits the potential for
automation as well (Bordatchev, Hafiz, and Tutunea-Fatan 2014).
Since, more often than not, molds consist of freeform surfaces and intricate parts (such as
blind holes or narrow slots), it is important that an automated polishing process exists
which can handle these features. Although there have been attempts to introduce robotics
and robotic manipulators into the process (Dieste et al. 2013), they have yet to gain
traction within industry due to various limitations of this type of setup (Ukar et al. 2013).
Therefore, as a result of the lack of automated methods which are capable of polishing
freeform surfaces, the majority of polishing done in industry is still done manually (Kalt,
Monfared, and Jackson 2016). This is very disadvantages as it requires the process to be
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completed by skilled, trained workers. If skilled workers are not used for polishing, the
risk of introducing non-uniformity in the workpiece becomes unavoidable in the process.
The use of manual polishing introduces deficiencies in both cost and time as the cost of
the skilled worker now comes into account as well as the time-consuming process of
manual polishing, which typically takes 10 – 30 minutes per square centimeter (Temmler,
Willenborg, and Wissenbach 2012).
Yet another downfall of these conventional methods is they are centered around contact
with the surface of the workpiece. This means that the influence of tool wear becomes
apparent in the process. Also, the polishing in these methods is based on the removal of
material such that the surface becomes smoother. By doing this, material waste is
introduced which presents potential dimensional inaccuracies as well (Temmler et al.
2014).
To counteract this void in the automated polishing process over the past couple of
decades, lasers have been introduced into the process. Initially, the use of laser polishing
was used on materials such as glass and quartz for creating optical lenses, but more
recently, it has transitioned into the polishing of metallic materials (Lamikiz et al. 2007,
Ukar et al. 2009). This process was hence forth known as “laser polishing” and has since
became quite relevant in the manufacturing industry.
The laser polishing process has risen in popularity due to the inherent advantages that
come with the process. Some of the advantages associated with laser polishing, in
comparison with conventional polishing methods as described above are as follows:
•

The processing speed is significantly greater than that of manual polishing. Laser
polishing is capable of processing an area at 1 sec/cm2, which in comparison to
manual polishing (> 10 min/cm2) is a vast improvement (Heidrich et al. 2015).

•

The laser can be installed into pre-existing computer-numerically controlled
(CNC) systems. This provides multi-axial control of the laser beam and the
polishing process.
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•

The process is very precise and controllable. Since the parameters associated with
the process (laser power, velocity, etc.) can be altered easily, the output can be
controlled. Also, the CNC system allows for precise areas to be polished.

•

No “tool” wear or mechanical forces applied to the workpiece. Since the laser is
the “tool” in this process, there is no wear as the laser is unaffected by the
interaction with the workpiece. Since there is no physical contact with the
workpiece, there are also no mechanical stresses applied to the substrate (Hafiz,
Bordatchev, and Tutunea-Fatan 2014).

•

There is no material removal in the process. The lasers impact on the workpiece
only causes melting and redistribution of the material as opposed to removing
material all together. This is one of the most critical advantages of laser polishing,
as it is the only type of material finishing operation that is capable of a no material
loss procedure.

Due to the numerous advantages of the laser polishing process, such as those listed
above, the process has become more predominant in industry. However, this is not just
the case in mold and die applications, but also in optics and lens manufacturing (Heidrich
et al. 2014) as well as in the medical devices industry (Temmler and Graichen 2010).

1.2 Laser Polishing Fundamentals
1.2.1

Thermo-Physical Process and Parameters

Laser polishing, in its simplest form, is the process of delivering radiation energy to the
surface of the workpiece via a laser beam. By doing so, a very thin layer of the surface of
the substrate is melted, in turn creating a small pool of molten material (Temmler,
Willenborg, and Wissenbach 2011, Ukar, Lamikiz, de Lacalle, et al. 2010). The molten
pool is then evenly redistributed among the surrounding area by the forces of surface
tension acting within the molten pool itself. If the laser polishing process parameters are
selected properly, enough energy will be delivered to the surface to melt a thin layer of
the material, yet avoid delivering too much energy such that the material is ablated,
resulting in a loss of material. In the case of properly selected process parameters, the
energy being delivered to the workpiece is adequate enough to melt the peaks of the
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initial surface, which results in the capillary action of the molten pool delivering the
material into the valleys of the substrate (Chow, Bordatchev, and Knopf 2013, Bustillo et
al. 2011). The resulting surface then becomes much smoother than the original surface of
the workpiece. A visual depiction of this process can be seen in Figure 1-2.

Figure 1-2: Laser polishing fundamental aspects (Hafiz, Bordatchev, and Tutunea-Fatan
2014)
Although laser polishing has been growing in popularity, both in terms of use in industry
and in terms of research scenarios, the knowledge of the entire process is still not
extensive. This is especially the case for the mechanisms that exist within the molten pool
itself, as it has proven difficult to study such a thing due to the microscopic size of the
molten pool and the lack of instrumentation to analyze the pool characteristics in realtime.
One potential reason behind the lack of knowledge surround the laser polishing process
could be the shear amount of input factors that can have an influence on the results of a
laser polishing procedure. In comparison with conventional milling, for example, laser
polishing introduces many more input parameters due to the lack of a physical “tool”
being used during the process. In conventional milling, there is a tool (end-mill, etc.) that
is of constant parameters which only change with changing the tool itself. However, with
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a laser beam, there is an extensive list of factors that can be altered or varied such that the
result of the procedure changes.
The input parameters for the laser polishing process can be broken into 3 main categories,
being the laser itself, the mechanical setup and the workpiece being polished. Some of the
key parameters for each category are as follows:
•

Laser:
o Laser power
o Laser type
o Beam diameter
o Laser energy distribution
o Focal length / offset
o Wavelength
o Pulse frequency / duration

•

Mechanical:
o Laser beam velocity (or feed rate)
o Tool path (area polishing only)
o Line step over distance (area polishing only)

•

Workpiece:
o Initial surface topography
o Material properties

Although this list may seem extensive, it is not a completely exhaustive list of the input
parameters, meaning that there are other factors that play into the result of laser polishing.

1.2.2

Process Configuration

The physical interpretation of all these factors can be broken down into three main
subsystems within the entire laser polishing process. Those subsystems are the laser
subsystem, mechanical subsystem and control subsystem (Hafiz, Bordatchev, and
Tutunea-Fatan 2014). A schematic representation of these subsystems and their
accompanying components can be seen in Figure 1-3. The most straight-forward
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subsystem is the mechanical subsystem. This subsystem encompasses the motion stage
and the workpiece. The motion system in laser polishing, as mentioned earlier as one of
the advantages, is the same as that of a standard multi-axis CNC system. This motion
system is responsible for positioning the workpiece and laser beam in the appropriate
locations. The laser subsystem, is slightly more complicated. The subsystem, as a whole
is responsible or producing and delivering the laser to the workpiece. This is achieved by
delivering the laser from the source to the workpiece via a scanner head and an objective
lens. Although the laser could be delivered straight to the workpiece and bypass the
scanner head, it would limit the motion of the laser beam itself. This is the case because
the scanner head uses two motor driven mirrors for X and Y direction movement which
are able to be rapidly positioned. This allows the beam to move at very high processing
speeds. On the contrary, if there was no scanner head, the motion would have to rely on
the mechanical motion control, which is much slower than the scanner head due to the
influence of mechanical inertia within the system. The objective lens (laser optics) is used
to focus the laser beam at the necessary location on the workpiece.
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Figure 1-3: Physical configuration of laser polishing process
Finally, there is the control subsystem, which may in fact be the most important
subsystem. This subsystem is mostly comprised of software aspects of the laser polishing
process as opposed to physical features. However, within the control subsystem lies the
ability to vary the various input parameters. This results in the components of the control
subsystem having a large influence on the overall process. These three subsystems when
applied in unison result in the laser polishing process.

1.3 Literature Review
1.3.1

Previous Studies on Parameter Influence

As a result of laser polishing becoming more relevant in industry, there have been a
numerous amount of recent studies focusing on the laser polishing of metallic materials.
Due to the inherent number of process parameters that accompany the laser polishing
process, many of these studies analyze the impact that altering the various input
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parameters has on the surface roughness and other characteristics of the produced
polished area. Since there are a great number of input parameters that influence the laser
polishing process, the studies involving input parameter testing often only vary a few
parameters while keeping the other potential factors at a desired constant. This type of
study leads to data generation which is capable of linking combinations of input
parameters to desirable characteristics of a finished polishing process. These types of
studies are crucial to the overall process as they generate a greater understanding of the
process as a whole.
Many of the parameter influence studies that have been carried out are associated with
varying the laser power, the laser beam velocity and the focal offset distance (Chow,
Bordatchev, and Knopf 2013, Rosa, Hascoet, and Mognol 2014a, Ukar, Lamikiz, Lacalle,
et al. 2010). These three input parameters are often to be considered the most influential
of the influencing factors because they are all heavily associated with the amount of
energy being delivered to the surface of the workpiece. The laser power and laser beam
velocity are obvious factors which influence the amount of energy in the process because,
for power, the higher the power level, the more energy being delivered to the substrate.
On the other hand, for laser beam velocity, the higher the velocity (or feed rate) the less
energy being delivered because the surface of the workpiece is exposed to the radiation
for less time. The focal offset distance is the distance that the objective lens is from the
focal length (focal plane) of the lens. By altering the focal offset distance, the energy
distribution on the surface of the workpiece varies. In turn, this changes the amount of
energy being delivered to the workpiece, which is why the focal offset distance is
considered to be one of the more influential input parameters. The focal offset distance
mechanics can be seen in Figure 1-4.
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Figure 1-4: Focal offset distance mechanics (Chow, Bordatchev, and Knopf 2013)
In the above listed studies, the ultimate goal was the determine a set or combination of
input parameters that would result in the greatest surface roughness improvement. In each
of these studies, the resulting outcomes of the polished lines generated were able to
produce surface roughness improvements of up to 75% or greater which is a significant
improvement. Also, these studies provided further evidence of the influence that different
combinations of the input parameters can have on the final product.
Despite the strong correlation between the impact of the laser energy parameters (power,
speed and offset) and the surface roughness, it is apparent that many of the other input
parameters are also quite influential as well. There have been studies in which the initial
topography of the workpiece surface (Chow, Bordatchev, and Knopf 2012) as well as the
pressure of the assist gas in the system (Giorleo, Ceretti, and Giardini 2015) were found
to have an impact of the surface roughness of the polished sample. Also, studies in which
varying the pulse frequency and duration of a pulsed laser (as opposed to continuous
wave) was analyzed, resulting in variations in the surface topography and surface
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roughness of the polished sample (Guo et al. 2012, Guo 2007). Finally, in terms of area
polishing experimentation in which polished lines are overlapped with one-another to
form a polished area, the impact of the overlap percentage has been analyzed as well
(Chow, Knopf, and Bordatchev 2014, Rosa, Hascoet, and Mognol 2014a). Again, it was
clear that by varying this input parameter, the quality of the polished surface could be
altered. The resulting outcomes of these various studies goes to show that, as a result of
the numerous input parameters of the laser polishing process, even changing one
parameter value can affect the entire process. For this reason, the characteristics and
formation results of the laser polishing process are still not fully understood at this point.
Since this is the case, more experimentation and research needs to be completed to
generate a greater understanding of the process as a whole.
When generating experimental data to study the influence of input parameters
combination levels, it is common to use a method which will be referred to as the “line
test” method. In this experimentation method, individual lines with various input
parameter values are polished without interacting with one another on the workpiece
(Rosa, Hascoet, and Mognol 2014b, Ukar, Lamikiz, de Lacalle, et al. 2010). For example,
if a set of experiments is derived in which 20 lines, with 20 different combinations of
power, speed and focal offset are to be analyzed, then by using the line test method, all 20
lines are produced on the same workpiece but with sufficient area between the lines such
that the lines do not interact. This can be seen in Figure 1-5. This method is advantageous
for two reasons, the first being that a large amount of lines and resulting data can be
produced very quickly. The second is that, by analyzing the impact of a single polished
line, the need to implement overlap percentage is eliminated resulting in one less variable
which means the data produced can be analyzed more quickly.
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Laser Polishing Direction
Line 1
Combination A
Line 2
Combination B
Line 3
Combination C

Line ‘n’
Combination
‘Z’

Figure 1-5: Line-test experimentation method; 'n' - number of lines, 'Z' - number of
combination sets
This experimentation method will be used in experiments throughout this study due to the
ability to generate large amount of resulting data. By eliminating the overlap variable, it
becomes possible to execute full-factorial experiments because the data can be produced
quickly using the line test method.

1.3.2

Previous Studies Involving Thermography

By generating a greater understanding of the laser polishing process, it becomes possible
to create an on-line process monitoring and control system. These types of systems are
very beneficial to any process because they are able to react to the data being produced in
real-time such that the process is running at optimum conditions. However, in order to
have an adequate on-line monitoring system, the information being processed by the
system needs to be sufficient enough for the system to make control decisions based on

14

this information (Kogel-Hollacher et al. 2001). This means that the data acquisition
device used in the system needs to be able to produce data in real-time which can be
analyzed in such a manner that the overall efficiency of the process can be determined.
One method that has been studied in some laser-based manufacturing applications is the
use of thermography (infrared radiation capture). Since laser-based applications are
centered around the heating of the workpiece, then it becomes possible to capture and
analyze the temperatures produced by the process.
The implementation of an infrared radiation (IR) camera into laser-based processes is
something that has been studied previously. There are studies in which an IR camera was
used in processes such as laser cladding (Kohler et al. 2013), laser re-melting (Vostrak et
al. 2017, Krauss, Eschey, and Zaeh 2012), laser deburring (Moller et al. 2016) and laser
hardening (Tesar et al. 2012). However, at this point, there has been no attempts to
implement an IR camera into the laser polishing process (to the best knowledge of the
authors).
In these studies involving other laser-based process, however, it has proven difficult to
acquire the actual temperature during the processes in which the IR camera was
implemented in. This is the case because, in these laser-based processes, the temperature
of the workpiece rapidly changes and thus the associated material properties also change.
There are many factors that influence the reading of an IR camera (such as the ambient
temperature, and material characteristics such as emissivity and absorptivity), even at a
constant temperature measurement, so when rapid temperature change is introduced into
the system, the calibration of the camera becomes increasingly more difficult. In the
previous studies, attempts to counteract this were made. For example, in the laser
cladding application, a pyrometer was used in combination with the camera to use as a
base temperature measurement (Kohler et al. 2013). In the laser hardening study, the
sample was heated to a steady state temperature post process and then an IR image was
captured to analyze the impact of the process (Tesar et al. 2012). Although these methods
were acceptable in these instances, they would not be suitable for laser polishing. This is
the case because, first, a pyrometer operates by measuring one single spot. In the laser
polishing process, the temperature values for the entire line / area being polished need to
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be analyzed and thus, the single spot pyrometer wouldn’t be ideal. Next, analyzing the
workpiece post-process is less than ideal since the goal of this type of analysis would be
to implement the data into a real-time monitoring and control system meaning that postprocess analysis is not suitable for this application.
Therefore, it is apparent that a greater understanding of the thermography associated with
laser-based manufacturing applications is needed prior to the implementation of an IR
camera into a process monitoring and control system.

1.4 Objectives of the Research
With the information gathered through the above literature review, it became apparent
which direction the experimentation and analysis of this thesis needed to go. The focus of
this study can be split into two main objectives.
The first objective is growing the understanding of the laser polishing process by building
on and expanding the knowledge surrounding the influence of the process parameters.
Based off of the literature review material, it is evident that there is room to improve
upon the understanding of the effect that particular input parameters have on the laser
polishing process. To do this, various input parameter combinations will be tested to
analyze the influence not only on surface roughness, but on other aspects of the polished
workpiece. Also, input parameters which have yet to be analyzed will be experimentally
tested to study their influence on the overall process outcome. Because laser polishing is
a very parameter intensive process, the goal of these experiments is to provide clarity on
the impact of process parameter selection when utilizing laser polishing in industry.
The second aspect of this thesis is based around the implementation of an infrared
analysis system into the laser polishing process. As mentioned previously, the presence of
a process monitoring and control system not only in laser polishing but all laser-based
processes would be greatly beneficial. Thus, the second objective of this study is to
introduce an IR camera into the process of laser polishing in such a way that the data
captured can be properly processed and analyzed. By doing this, the goal is that the
possibility of a process monitoring system becomes closer to reality than it currently is.
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1.5 Contributions
The experiments conducted in regards to the first objective resulted in the following
general contributions to science and technology:
•

Generated a greater understanding of the influence that laser power, laser beam
velocity and focal offset distance have on both surface roughness and track width
of a polished line. This introduced the idea of a preferable operating range of
input parameters.

•

Experimental data was used to calibrate a numerical simulation model which
leads to the possibility of track width prediction based off of input parameters.

•

The study of the often-neglected transient zones of a polished line led to the
discovery of suitable laser delay values to produce the most efficient polished
line.

The experiments conducted in regards to the second objective resulted in the following
general contributions to science and technology:
•

The novel idea of using infrared radiation technology during the laser polishing
process was introduced. This resulted in the ability to capture thermal data in
real-time.

•

Strong correlations were found between the thermal behavior captured in a
polished line and the final results in terms of surface roughness and tack width
formation.

•

The possibility of real-time process monitoring and even process control is
evidenced by the results generated in this study.

1.6 Overview of the Thesis
To convey the results obtained while attempting to fulfill the above objectives, this study
is separated into five chapters. The first chapter, being the current chapter of the thesis,
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provides some background information on the study and introduces the process of laser
polishing. The past studies surrounding the topics of this thesis are outlined and reviewed
as well.
The second chapter is centered around a parameter influence study in which the effect of
laser power, laser beam velocity and focal offset distance are analyzed on not only the
surface roughness, but also on the width of the polished track as well. This chapter also
introduces the impact that negative focal offset has on the outcome of the generated lines
within the study.
Chapter 3 introduces the novel idea of analyzing the beginning and ends of the polished
lines which represent the non-steady state (transient) zones of a polished line. In this
chapter, the input parameter called “Laser Delay” is introduced and the effect that it has
is studied. The outcome of this experiment provides insight into the track width formation
characteristics as well as the topography within the transient zones.
The fourth chapter in this thesis is focused on the implementation of an IR camera into
the setup. The setup design and alterations that are needed to incorporate the camera are
discussed, as well as the necessary calibration methods used for the camera. As
mentioned previously, the temperature acquisition during laser-based processes is quite
difficult so the limitations of the setup used are also introduced. Infrared images and data
that were captured during various experiments are analyzed and their impact on the
process is discussed. The IR camera is also used to further analyze the aspects studied in
previous chapters, resulting in a strong correlation between temperature gradient
characteristics and surface roughness / track width results.
Finally, Chapter 5 of this study summarizes the main body of work and correlates the
experimentation and the analysis done to the initial objectives set for the study. Future
recommendations are given so this study can be expanded on and act as the basis for
further research on the topic.
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Chapter 2
Influence of Laser Parameters on Steady State Line
Formation

2
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2.1 Methodology
2.1.1 Input Parameters
As mentioned previously, there are numerous parameters during the laser polishing
process that can affect the overall quality of the finished product. If the laser parameters
are not chosen carefully, the laser polishing process can actually decrease the final
surface quality of the workpiece, which is obviously not ideal. Therefore, possessing a
greater understanding of the impact that these parameters have would be greatly
beneficial to determining an ideal set of parameters for different laser polishing
applications.
To achieve this, a set of experiments was conducted in which laser power, laser beam
velocity and the focal offset distance were varied to study the impact that they had on the
laser polished lines that were produced. These parameters are considered to be among the
most influential laser polishing parameters due to the fact that, in combination, they
control both the amount of energy delivered to the substrate and how long the substrate is
exposed to the radiation being delivered by the system. Although many other parameters
will change the outcome of the laser polishing process (such as initial workpiece
topography, argon pressure, etc.), the impact that they have is less critical than that of the
three parameters that were chosen in this study. Other parameters that influence laser
polishing, such as pulse frequency and pulse duration, can be ignored because the laser
that is being used in this study will be run in continuous wave operating mode.
Laser power, P, and laser beam velocity, Vb, are fairly straightforward parameters to
describe, whereas the focal offset distance, FOD, requires some more in-depth
explanation to fully describe. Laser power, measured in Watts, is the operating optical
power of the laser beam and laser beam velocity (or feed rate), measured in mm/sec, is
the speed at which the laser beam travels across the surface of the workpiece. The focal
offset distance is the distance between the laser’s focal plane and the top of the
workpiece.
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reversed when

Workpiece
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Figure 2-1: Depiction of the impact focal offset distance has on the process
The laser beam is fed into the system through an objective lens which causes the laser to
focus at a specific distance from the objective lens (100 mm in this study). This distance
is known as the focal length of the lens, and it is at this point that the laser beam diameter
(spot size) is at its smallest value. By moving away from the focal plane, either in the
positive or negative direction, the spot size diameter slowly increases. Figure 2-1 shows a
depiction of this process. When working at the focal plane, due to the minimal spot size
diameter, the energy delivered per unit area is at a maximum, and thus, when moving
away from the focal plane, the energy per unit area also decreases. Due to this change in
energy distribution to the surface, three “energy zones” are created within the operating
range of the laser. The first zone, which is the zone nearest to and including the focal
plane, is the “ablation zone”. In this zone, too much energy is being delivered to the
substrate causing evaporation of the material. This leads to material being ablated which
should be avoided during laser polishing. It is important to note that the ablation zone
does not always exist. If the power is at a low level, for example, then even at the focal
plane, material will not be ablated. The following zone is the “melting zone” in which the
energy is distributed enough such that ablation is avoided. In this zone, the material is
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melted and redistributed evenly which is the ideal zone for laser polishing to occur in.
The final zone, or the “heating zone”, is the zone in which the energy becomes too
distributed and only heats the surface of the material without melting any material.
Obviously, this zone is not ideal as no polishing will occur. The three different zones can
be seen in Figure 2-1 above.
By altering the focal offset distance, the location of the workpiece’s intersection with the
laser beam is changed, which in turn, moves the surface of the workpiece into the
different operating zones of the laser. In this study, the focal offset distance can be either
positive or negative. This can also be seen in Figure 2-1 above. It may seem backwards
that the workpiece is lower when the focal offset distance is positive, but in this case, the
focal plane is actually above the workpiece surface, hence the positive label. This is vice
versa in the negative case, meaning the focal plane is below the workpiece surface.

2.1.2 Desired Outputs
As mentioned earlier, multiple previous studies have used not only laser power and laser
beam velocity, but also focal offset distance as input parameters for experimental
analysis. The focus of these studies centered around analyzing the impact that these
parameters had on the final surface roughness of the polished lines. However, another
impactful output which is often overlooked will also be analyzed during this study. That
output is the width of the laser polished line. The track width of a single laser polished
line is important because it impacts many aspects that go along with area polishing which
is just a series of single laser polished lines overlapping one another in series to create an
area of polished surface. During this process, more variables are which can be affected by
varying track widths of the lines that are used to create the area.
Just like conventional computer numerical control (CNC) machining techniques, such as
milling, laser polishing of an area requires a tool path to cover the desired surface. As
with conventional milling, the tool path that is chosen for a laser polishing process varies
depending on a number of factors like workpiece shape, size of the area, etc. To keep it
simple, the tool path possibilities for a flat rectangle will be considered. Even with a
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relatively straight forward shape to fill with overlapping lines, there are still a variety of
tool path possibilities. Two of these possibilities can be seen in Figure 2-2 below.
Step Over
Distance

Non-engaged Tool
Movement (Laser Off)

(b)

(a)

Tool Path
Track Width

Track
Overlap

(Laser On)

Track
Overlap

Figure 2-2: Two possible toolpath scenarios, (a) Linear method and (b) Continuous
method
Of course, these are only two of the potential possibilities and even these examples
themselves can be modified. For example, the linear method can alternate directions (updown-up etc.) with a non-engaged tool (i.e., laser off) in between movements. The point
of this figure, however, is to show that despite the tool path differences, there is always
an interaction and an overlap between the set of lines. This interaction between lines is
where the track width becomes extremely influential.
In conventional milling, the track width is determined very easily because the track width
is simply the diameter of the tool (not accounting for tool wear, etc.) that is being used in
the process. Therefore, the tool path and the overlap between tracks can be decided
quickly because there is no variation in the track width. This is where laser polishing

22

differs greatly from traditional milling processes. The “tool” in laser polishing is the laser
itself and the track is generated by exposing the workpiece to radiation which means
there is no consistent track width like that of a milling process. Even when using the
same “tool” in laser polishing, the track width can fluctuate greatly depending on the
input parameters and thus, the track width of a polished line is difficult to estimate.
Because of this, the tool path generation is not as simple as it is in conventional milling.
The tool path for area polishing must be determined prior to the polishing process and
thus, an overlap distance value must be chosen. Therefore, the track width of the lines
being used in the process must be known so that an accurate step over and overlap
distance can be determined. If the track width of the finished product differs from the
track width estimate chosen prior to polishing, then the overall quality and efficiency of
the process will decrease.
Therefore, generating a greater understanding of the impact that various input parameters
have on not only the surface roughness but also on the formation of laser polished track
width is very beneficial to the overall process.

2.2 Experimental Analysis
2.2.1 Experimental Approach
To achieve this, a full factorial set of experiments was generated with varying inputs of
laser power, laser beam velocity and focal offset distance while having two outputs;
surface roughness (profile) and track width of the polished lines. The lines were
generated with the line test method, meaning that each line is produced without
interaction with the other lines being produced. The values chosen for the various inputs
can be seen in Table 2-1 below.
Table 2-1: Input variables and values chosen for experimentation
Variable Name
Laser Power
Laser Beam Velocity
Focal Offset
Distance

Values
50, 75, 100, 125, 150, 175
50, 100

Unit
W
mm/sec

-2.0, -1.8, -1.6, -1.4, -1.2, -1.0, -0.8, -0.6, -0.4, -0.2,
0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0

mm
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Due to the full factorial nature of the experiment, the matrix is much too large to include
as a table because, in the end, there were 252 lines produced (6 power levels X 2 velocity
levels X 21 offset levels = 252 lines). Full factorial was chosen despite the shear amount
of lines produced because the laser polishing process itself is done in a CNC machine and
thus the lines can be produced rather quickly. However, the data acquisition phase of the
experimental analysis required more time and effort due to the number of lines but
ultimately, the full factorial led to a greater understanding of the outcomes than a more
limited experimental approach would have.
Due to current limitations on the laser that was being used for these experiments, the
maximum power that could be generated was 175 W as well as a minimum value of
50 W can be produced. Thus, the range of 50 – 175 W was chosen for the laser power at
increasing increments of 25 W. Laser beam velocities of 50 mm/sec and 100 mm/sec
were chosen for these experiments because, although they may seem rather fast
(3000 mm/min and 6000 mm/min respectively), the goal is to produce high quality
polished products as quickly as possible. Finally, the range of focal offset distance was
set at -2.0 to +2.0 mm at increasing increments every 0.2 mm. This range was selected so
that the effects of the different zones (ablation, melting, etc.) could be studied for both
when the workpiece is above and below the focal plane of the laser.

2.2.2 Experimental Setup
The experimental setup used for this set of experiments is also used in subsequent
chapters, so if needed, refer back to this chapter for details on the setup. The layout of the
experimental setup can be seen in Figure 2-3.
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Figure 2-3: Layout of Experimental Setup with (a) Computer 1 (b) Computer 2 (c) Laser
Source (d) Beam Bender (e) Scan Head (f) Objective Lens (g) Protective Gas Enclosure
(h) Sample Piece (i) Motion Control System and (j) Argon Delivery System
As mentioned previously, the laser polishing process can be broken down into three
subsystems: control subsystem, mechanical subsystem and laser subsystem. In this
experimental setup, the following components are part of the control subsystem:
(a) Computer 1, which is responsible for the control of the laser scan head. The scan
head is responsible for the motion control of the laser beam via a pair of
extremely fast-moving mirrors. In this case, the scanner model is an “IntelliSCAN 20” from ScanLab which utilizes LaserDESK software to program and
control the laser beam movements.
(b) Computer 2, which is responsible for the multi-directional (X-Y-Z) motion
control of the system. NView motion control software is used to control the
motion system which positions the workpiece in the correct location in terms of
the X and Y axes of the system. This software is also used to control the Z-motion
of the system, meaning that the scan head (and focal offset distance) are
controlled here.
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Next, the following components are a part of the laser subsystem:
(c) Laser source; in this case an IPG Photonics YLR-500 model. The laser has a
wavelength of 1070 nm and a maximum operating power of 500 W. It is delivered
into the system via a fiber optic cable. The operating power can be controlled here
via a handheld pendant (which would fall under the category of control
subsystem), or via the scanner operating software.
(d) 1.5” beam bender which is used to direct the laser beam from the fiber cable into
the scan head.
(e) Laser scan head, as described above, which has a working area of 33 x 33 mm.
The scan head has a built in air-cooling system to avoid overheating of critical
parts in the system.
(f) Objective lens used to focus the laser beam onto the surface of the substrate
(depending on focal offset). The focal length of this objective is 100 mm.
Finally, the following components fall into the category of mechanical subsystem:
(g) Argon gas enclosure. For this particular set of experiments, the motion stage
needed to have a free range of motion. Therefore, a gas enclosure was made out
of flexible material such that the linear motion stage could move during
experimentation. The enclosure was secured to the objective lens and to the base
of the enclosure box which has a coupling for the argon tube. Argon is fed into
the system at approximately 60 CFH.
(h) Workpiece; in this case a disk of AISI H13 tool steel, approximately 100 mm in
diameter and 20 mm thick.
(i) Multi-stage axis; in this case an Aerotech PRO280LM motion system controlled
with NView software as described above.
(j) Central gas tank distribution system responsible for delivering the argon gas into
the system.
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To aid in clarification of the set-up, a real-life depiction of some of these components can
be seen in Figure 2-4.

Laser Fiber
Z Motion Control
Beam Bender

Scan Head

Argon Enclosure
(Not Shown)
Argon Intake &
Enclosure Base

X-Y Motion Control

Figure 2-4: Real-life image of some of the components in experimental setup
In terms of the measurement systems used to gather the necessary data for these
experiments, there are two main components. The track width measurements were
acquired by using a 2.11 million pixel digital microscope. The microscope is equipped
with a dual-light magnification lens which was set at a magnification of 250x. With this
setup, each pixel on the display is approximately 0.75 µm in size. The display from the
microscope gives a realistic depiction of the track width, with a clear separation between
the molten zone of the polished track and the unaffected material. There is a built-in
measure feature within the microscope display which is used to manually placed two
parallel measure points across the laser polished track to determine the final width.
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Taking into account human error and the pixel size, the uncertainty in this measurement
can be estimated to be ± 2 µm. Although this method is not as accurate as some other
methods, it is the most convenient which is necessary because of the large number of
generated lines to be analyzed.
The surface roughness measurements were done in a two-step analysis procedure. The
first step involved the use of a SensoFar S Neox non-contact 3D surface profiler which
has an optical resolution of 0.14 µm. The accompanying software, SensoSCAN was used
to control the profiler. The scans of the generated lines were completed using a 10x lens
operating in confocal scanning technique. The completed scans were then imported into
SensoFar’s analysis software called SensoWave where they were cleaned up (form
removal, filled void points, etc.). Using this software, the center line profile of the
polished lines was extracted from the data. The average surface roughness, Ra, of each
profile was calculated by the software by utilizing the EN ISO 4288 standard 0.8 mm
weighted moving average Gaussian filter. Random lines generated through this method of
measurement were tested for track width measurements. This was done to ensure that the
track width measurements done using the digital microscope were accurate.

2.2.3 Results and Discussion
The experiments were conducted on a freshly ground surface of the AISI H13 tool steel
workpiece. The lines that were generated ran perpendicular to the grind line directions.
The reasoning behind this method is that by going against the grain (or the grind lines),
the laser beam is influencing a larger number of peaks and valleys along its trajectory as
opposed to running with the grain in which the laser will only be influencing a few of the
peaks and valleys of the substrate. The lines were created in sets based off of the power
level that was used; each set consisting of 21 lines representing the 21 levels of focal
offset distance that were used. The lines in each set were separated by 1 mm for the
majority of the sets, however, the sets produced at high power and low speed (175 W, 50
mm/sec) were separated by 1.5 mm. This was done because these sets produced lines
with a greater track width so the separation between lines was increased to avoid having
previous lines influence the formation characteristics of the upcoming lines to be
produced. An example of the generated sets can be seen in Figure 2-5.
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21 mm

Figure 2-5: Experimental result sets for Vb = 50 mm/sec
Upon completion of the experiments, the data for both surface roughness and track width
was acquired using the methods described above. The resulting outcomes for laser beam
velocities of 50 mm/sec and 100 mm/sec can be seen in Table 2-2 and Table 2-3
respectively.
The first interesting item to note was that during the process of laser polishing for the
lines near or at the focal plane (in the ablation zone), an audible “hissing” noise could be
heard. This occurrence was much more prevalent in the higher power, lower speed lines
as the energy being delivered to the substrate was far too much resulting in a lot of
material being ablated. Some of these lines even had visual confirmation of ablation
effects, meaning that small amounts of molten material were being “sprayed” out away
from the line in combination with the audible “hissing”. This is an interesting
phenomenon because of its potential impact on process monitoring operations. If process
monitoring / control was to be implemented into a laser polishing operation, the audible
and/or visual cues of ablation could be used to alter the inputs of the system such that the
material is no longer being ablated.

Inconsistent / No Result

0.428328
0.436201
0.450852
0.539546
0.488451
0.994207
1.382590
0.496020
0.447196
0.446746
0.374994
0.467591
-

132.6772
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-2.0
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
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(µm)
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Focal
Offset
(mm)

P = 50 W
Surface

P = 100 W

P = 125 W

P = 150 W

P = 175 W

157.8393
188.3437
191.3936
189.1000
192.9185
181.4766
232.5825
245.5546
263.8647
266.9022
264.5919
228.0334
178.4397
177.6641
183.7767
196.6067
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-

245.5297
237.1387
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227.2250
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253.9411
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-
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0.476939
0.353915
0.329850
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0.372341
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1.185390
0.983218
2.265910
1.562870
0.353346
0.345132
0.391945
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-

0.356246
0.281105
0.311627
0.352226
0.404950
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1.668940
0.918249
1.766150
1.624820
1.117830
2.681330
2.447420
0.327746
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0.329711
0.395074
0.320980
0.522433
-

0.316543
0.294444
0.293004
0.343864
0.435507
1.714480
1.201430
1.528560
2.680500
1.979410
1.517790
1.189640
2.599210
0.596126
0.320543
0.302170
0.258895
0.307603
0.312348
0.317524
0.332301
Ideal Range - Ra

282.8916
279.8385
284.4166
282.8697
259.2679
332.4815
363.0149
369.0784
366.7625
375.9133
384.3272
375.1508
342.3659
255.4375
266.8848
267.6418
276.0419
281.3718
292.0385
295.8539
298.1531

327.8830
333.2204
326.3509
300.4289
367.5377
383.5496
385.0655
394.9868
402.6260
406.4702
428.5684
415.5653
385.8280
369.0886
286.7041
308.0736
311.8774
318.7286
325.6018
336.2660
338.5809

0.350853
0.374025
0.429482
0.576890
1.502400
2.089810
2.611050
1.321150
1.870020
1.725220
1.894370
1.484460
1.763790
8.213680
1.884170
0.299132
0.271265
0.409326
0.303509
0.402388
0.283952

373.6320
370.5876
356.8533
332.4509
411.7952
413.2778
430.8233
431.5757
438.4435
443.7914
469.7155
459.0256
452.9410
440.7257
394.2132
321.7895
344.4201
347.1884
356.8508
365.2383
372.8906

0.298306
0.318041
0.391141
0.531673
1.335720
1.739980
1.160420
1.391750
2.138510
2.145970
1.756650
1.814090
1.562770
1.632630
5.061500
1.217390
0.300685
0.359528
0.294187
0.349121
0.302852

Surface
Track
Surface
Track
Surface
Track
Surface
Track
Surface
Track
Width (um) Roughness Width (um) Roughness Width (um) Roughness Width (um) Roughness Width (um) Roughness

P = 75 W

Table 2-2: Experimental results for Vb = 50 mm/sec
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P = 75 W

P = 100 W

P = 125 W

P = 150 W

P = 175 W

-

-2.0
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

0.9116
0.9518
0.8375
0.8496
0.8386
0.9234
0.7984
0.7392
0.9732
0.8965
-

Inconsistent / No Result

110.5625
115.1400
116.6725
110.5625
102.1778
99.1279
108.2750
109.0375
113.6151
115.1375
-

154.7875
157.8393
157.1046
160.9327
147.9329
192.9366
205.1182
208.9375
196.7383
147.1704
152.5019
155.5519
160.1268
167.7569
170.0649
-

182.2391
187.5812
199.0256
198.2632
203.5875
187.5998
235.6322
240.1887
246.3170
245.5250
242.5182
231.0375
183.7767
195.2060
192.9366
203.6232
211.2249
224.1763
-

Ideal Range - TW

0.7464
0.6120
0.6456
0.6753
0.6635
1.1881
1.2958
1.0804
1.1469
0.9001
0.7639
1.0181
0.8619
0.8573
1.0893
-

0.6875
0.7031
0.5832
0.6438
0.6792
0.7021
0.9795
1.2013
1.5093
1.5202
0.7999
1.0353
0.5284
0.5681
0.7436
0.7589
0.8617
0.9133
-

1.4594
1.2792
0.6536
0.5043
0.5496
0.5906
1.1699
1.2174
1.6301
1.4581
1.1020
0.7318
0.5781
0.4559
0.5167
0.5006
0.5246
0.5738
1.0579
0.7349
Ideal Range - Ra

238.6625
240.1887
237.3947
244.7815
225.7322
263.0636
269.9347
266.1330
263.0802
266.8761
272.9761
268.4271
205.1139
214.2747
224.9491
234.8611
237.9110
244.7625
253.9171
263.8647
-

269.9638
266.1660
269.2154
258.4875
244.0107
308.8360
298.1414
287.4787
284.4135
301.9972
302.7125
302.7279
280.6259
237.9012
251.6539
258.4886
266.1136
270.7745
282.1291
282.1755
295.0914

0.8585
0.4295
0.4290
0.4540
0.5174
0.7822
1.0974
1.5197
1.4897
1.2253
1.0708
0.9022
1.4649
0.4493
0.5574
0.5019
0.5037
0.5171
0.9545
1.1625
1.0636

305.0238
304.2986
297.4933
279.1010
318.7478
330.1660
313.4626
308.8134
297.4665
324.8474
326.3536
329.4035
317.2229
261.5419
269.1668
288.2895
296.6282
297.4933
309.6210
315.7496
326.3536

0.7588
0.4103
0.3980
0.4565
0.8136
0.8864
1.1861
1.0536
1.4723
1.4695
1.0959
1.1587
0.6107
0.6827
0.4634
0.4609
0.4797
0.6719
0.8925
1.1455
1.72695

Surface
Track Width
Surface
Track Width
Surface
Track Width
Surface
Track Width
Surface
Track Width
Surface
Focal Offset Track Width
Rough. (µm)
(µm)
Rough. (µm)
(µm)
Rough. (µm)
(µm)
Rough. (µm)
(µm)
Rough. (µm)
(µm)
Rough. (µm)
(µm)
(mm)

P = 50 W

Table 2-3: Experimental results for Vb = 100 mm/sec
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Referring to the experimental results tables above, it can be seen that a number of input
combinations resulted in inconsistent or unmeasurable polished lines. These results can
be seen in the tables as the results which are highlighted in red. It can be noticed that
these inconsistent / unmeasurable results become apparent as the focal offset distance
moves away from the focal plane, whether using a positive or a negative focal offset
distance. These results are also much more predominant in the lines generated using
lower power and even more so in the higher speed sets. This outcome is to be expected
because the lines that exhibit this behavior are generated with input parameters that have
properties associated with the heating zone of the laser beam. These lines are lower
power (50 – 100 W) and are further away from the focal plane meaning that the input
parameters are a combination of lower power and high energy distribution. This leads to
lines being generated in which there is not enough energy being delivered to the substrate
for material to be melted, leaving the surface of the workpiece unaffected by the
polishing process.
Two trends that can be noticed within the line sets created in the heating zone; the first
being that more of the lines exist at the lowest power / speed and the number of lines
gradually decreases as the power is increased. Again, this is to be expected based on the
understanding of the input parameters values that lead to the workpiece being in the
heating zone.
The second trend that can be derived from these results is that the amount of
unmeasurable lines is not the same for positive and negative focal offset distance, even
when the laser power and laser speed are the same. For example, referring to Table 2-3,
at a power level of 75 W, there are 4 unmeasurable lines in the positive focal offset
region (1.4 – 2.0 mm), however there are only two lines in the negative focal offset
region (- 1.8, -2.0 mm). Potential differences between positive and negative focal offset
differences such as this is the reason that both regions of focal offset distance were tested
in this set of experiments. Although this result was not necessarily expected, logically
speaking, it does make sense. When the workpiece is polished using a positive focal
offset distance, the top of the substrate is further away from the objective lens than it
would be with the same value but negative focal offset distance. This means that, even
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though the shape of the beam and the distribution of energy may be the same in both
scenarios, the laser beam loses slightly more energy when travelling the further distance
to the workpiece. Thus, when the workpiece is polished in the negative focal offset
region, more energy is being delivered to the surface than it would be with the same
positive focal offset, meaning that the melting zone of the laser is different for the two
focal offset regions. This explains why there are more measurable lines in the negative
focal offset region because there is still enough energy (in comparison to equal but
positive focal distances) to melt the material. This phenomenon is important to keep in
mind for future results discussions as well.
When examining the results, a trend for both track width and surface roughness is
apparent in both of the result tables. It can be seen that, for both laser beam velocity
values, the ideal set of resulting lines begins to draft further away from the focal plane
(0.0 mm offset) as the laser power level is increased (the “ideal ranges” can be seen in the
above tables; values highlighted in green and blue for ideal track width and surface
roughness respectively). The ideal outcomes for the experimental results were chosen
based on a number of factors including consistency of the lines produced and overall line
quality. The ideal range for the surface roughness results was fairly easy to derive
because the lowest value of surface roughness is often the best-case scenario. Therefore,
the preferred outcomes for surface roughness are simply the range(s) in which the lowest
values for each power level reside in.
On the other hand, the ideal ranges for track width results was slightly more difficult to
determine and more open to interpretation than that of the surface roughness results. In
terms of a manufacturing process, often the quicker a process can be completed the
better, so with that in mind, it would make sense to achieve the widest track width as the
ideal range (same speed can cover more area in less time). However, when studying the
results, the largest track widths more often than not lead to very poor surface roughness
results. This is due to the large track widths residing in lines generated in the ablation
zone of the laser, meaning that more material is effected by the laser, creating a larger
molten pool which does not redistribute as evenly as the other lines in the experiment.
For this reason, there was two main factors taken into account when determining the ideal
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set of outcomes for track width. The first being a visual quality check of the line when
evaluating the track width with the digital microscope, meaning that ideal lines were
chosen based off of a lack of asperities and irregularities within the line itself. The second
factor, which is related to the first, is the final surface roughness value of the line. With
these factors in mind, the ideal sets of track width values was more often than not, the
smallest value of track width results. Therefore, the smallest track width values were then
set as the ideal range(s) for the resulting lines. Although smaller track widths will
ultimately require slightly more time to cover an area, the improvement in surface quality
is the ultimate goal and thus the time trade-off will be negligible.
However, returning to the trend in the resulting data for the ideal ranges. Referring back
to Table 2-2 and Table 2-3, it can be seen that the ideal ranges trend away from the focal
plane as the power level is increased for both laser velocities. In other words, as the
power level is increased, the amount of less than ideal laser polished lines above and
below the focal plane increases. The conclusion that can be drawn from this trend is that
the size of the various laser beam zones is not consistent, and in fact, the size of the
ablation zone increases with the increase of laser power. Similar to the results for the
unmeasurable (heating zone) results, this trend seems to move prevalent in the negative
offset region. Again, it seems that even with the same focal offset distance value, the
lines generated in the negative regime tend to deliver more energy to the substrate, and
thus the melting zone drifts further away from the focal plane in comparison to the
positive focal offset region.
Looking specifically at the track width formation results, two conclusions can be drawn
from the information. The first is that, regardless of power level or speed, there is always
(neglecting 50 W, 100 mm/sec) one small track width value among much larger values in
the negative focal offset region. For comparison sake, the low values for track width in
the positive focal offset region tend to have a group of three similar results. This can be
seen in the tables above. This is an interesting conclusion because it not only confirms the
differences between operating in the positive versus the negative focal offset regions but
it also reveals that the negative focal offset region produces less consistent results. This
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means that, if possible, it would be preferred to operate a laser polishing process within
the positive focal offset region.
The second conclusion that can be drawn from the track width formation characteristics
is that, regardless of laser beam velocity, the track widths for each power level have a
“W - Shaped” trendline. This result can be seen in Figure 2-6 for Vb = 50 mm/sec and
Figure 2-7 for Vb = 100 mm/sec.

Track Width; Vb = 50 mm/sec
500
450
400

Track Width (µm)

350

300
250
200
150
100
P = 50 W
P = 100 W
P = 150 W

50

P = 75 W
P = 125 W
P = 175 W

0
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

Focal Offset Distance (mm)

Figure 2-6: Track width results for Vb = 50 mm/sec
To explain the “W-Shaped” trendline in more depth, from left to right on the resulting
figures (largest negative result to largest positive result), it can be seen that the track
width remains relatively constant until it reaches a significant dip in track width.
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However, after the dip, the track width spikes across the focal plane, resulting in a
“mound” effect until reaching another dip in the track width on the opposing side of the
focal plane. Finally, after the second dip, the track width again remains relatively
constant. The interesting fact about this trend is that it occurs in each of the power levels
tested, excluding the results from the 50 W, 100 mm/sec set because there were not
enough data points acquired to justify if the trend continues to this set. When examining
the resulting figures, it can be seen that the dips in the “W-Shaped” trendlines spread
away from the focal plane as the power level and track width values increase. The dips on
either side of the focal plane seem to increase almost linearly away from the dips on the
previous power level trendline. As an example, a linear line on Figure 2-7 (red dashed
line) shows how close the dips related to one another.

Track Width; Vb = 100 mm/sec
350

300

Track Width (µm)

250

200

150

100

P = 50 W
P = 100 W
P = 150 W
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0
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

Focal Offset Distance (mm)

Figure 2-7: Track width results for Vb = 100 mm/sec

1.5

2.0
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This relation between track width formation characteristics and power level increases
opens the possibility of using known information to predict the track widths of polished
lines with untested input parameters.
Unfortunately, in terms of the surface roughness outputs, the trends are not as easily
interpreted. Similar to the track width, the surface roughness loosely follows a “WShaped” trendline throughout the results. However, the surface roughness differs from
the track width in this manner because the values of the results do not differ between
power levels as much as they do for the track width. This means that the relationship
between power level and surface roughness across the region of focal offsets tested is not
as clear as the relationship between power level and track width. Due to this, the surface
roughness data is much more difficult to use for predicting the outcomes of a
combination of input variables that was not tested.

2.3 Track Width Simulation
2.3.1 Simulation Methodology
This study was done in collaboration with a similar study in which the track width of
polished lines was predicted via a thermo-physical model (Mohajerani et al. 2017). This
computational fluid dynamic (CFD) model was used to predict the final track width of a
polished line based off of the selected input parameters, being laser power and laser beam
velocity. The model itself was developed using the computational simulation software
called ANSYS Fluent. The track width was acquired using this software by using a finite
volume model, which allows the calculation of the track width dimensions by extracting
the size of the area with the temperature higher than liquidous temperature. Since the
molten pool represents the final polished area in a line experiment, it is reasonable to
assume that the size of the molten pool in the CFD model is the representative of the
track width.
When developing the model, four assumptions needed to be made in order to simplify the
model to ensure accuracy of the calculations. Those assumptions are:
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1. The workpiece material (H13 tool steel) is uniform and homogeneous across the
entire surface. This means that the material composition and properties do not
change based on the location in the workpiece.
2. Material flow during the process was ignored, meaning that the geometry of the
workpiece itself remains unchanged during the process.
3. The laser beam is a continuous wave beam, represented by a Gaussian distribution
and is applied only to the top surface of the workpiece
4. No chemical reactions (oxidization, etc.) are accounted for as it is assumed the
argon gas protects such occurrences.
One advantage of this particular CFD model is that it incorporates the change in
temperature dependent material properties. H13 tool steel, like other metallic alloys, does
not have a specific melting temperature. This is the case because the melting process of
this material occurs between the two temperature states of solidus and liquidous. Based
off the information from reference (Lin et al. 2005), the temperatures for these respective
states are 1315 °C (~1588 K) and 1454 °C (~1727 K). Therefore, the temperature
dependent material properties (heat capacity, density and conductivity) are accounted for
within the CFD model simulation.
The simulation was performed on a prismatic workpiece, sized 8 x 4 x 1.5 mm (length x
width x thickness). This model was meshed with 768,000 hexahedral elements over the
whole domain. A mesh refining technique was used to shrink the size of the mesh along
the laser path to improve the computational accuracy. This model and mesh can be seen
in Figure 2-8 below.
.

Figure 2-8: Geometry of simulation showing meshing style used (Mohajerani et al. 2017)

Polishing Direction

Laser Spot
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2.3.2 Simulation and Experimental Results
Upon the completion of model calibration and mesh sensitivity studies, which were used
to validate the accuracy of the simulation, the model was put into practice. Using the
computational software, it is possible to determine the temperature distribution at each
individual time step during the simulation. By doing this, it becomes possible to use the
information from one time step in which the process has reached steady state to
determine the track width. An example of this process can be seen in Figure 2-9.
(a)

(b)

Figure 2-9: (a) Resulting temperature field and (b) Molten pool characteristics of
simulation (Mohajerani et al. 2017)
As mentioned earlier, the track width of the simulated line is extracted from the molten
pool dimensions. The molten pool can be seen in Figure 2-9 (shown in red) which
represents any temperature above the liquidous temperature of the material. An advantage
of this technique is that the melt depth can also be calculated, which is not possible by
using non-intrusive measurement methods on the real-world workpiece.
To test the validity of the computational model as a tool for predicting the track width of
polished lines, a small set of experiments was derived. This set of experiments consisted
of 6 lines generated at two power levels: 100 W and 150 W. At each power level, three
lines were produced at three different laser beam velocities: 50 mm/sec, 100 mm/sec and
150 mm/sec. For the sake of simplicity, the lines produced in both the simulation and the
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experimental methods were done so at the focal plane, meaning that there was zero focal
offset. This was done, not only to eliminate a variable from the system, but also to avoid
having to account for energy dissipation within the laser beam.
The resulting track widths of the polished lines were then compared to the track widths
that were produced using the CFD model with identical input parameters. The
comparison of the two methods can be seen in Figure 2-10.

Figure 2-10: Experimental vs. simulation track width results (Mohajerani et al. 2017)
As can be seen, the correlation between the experimental and the simulated track widths
is quite strong. This result is validation that the computational model is a viable asset in
terms of predicting the track width of laser polished lines. By utilizing a tool such as this,
it becomes possible to more accurately predict the track width of polished lines, which
results in the overlap percentage in an area polishing operation being easier to set.
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2.4 Summary
In this chapter the effects of varying input parameters (laser power, laser beam velocity
and focal offset distance) were tested and analyzed. The impact that these parameters
have on both the track width and the surface roughness of the polished lines was studied.
The main conclusion to be drawn from this experiment is that the “ideal” range of
polished lines in terms of both track width and surface roughness diverges away from the
focal plane, both in the positive and negative focal offset direction, as the laser power is
increased.
Another result that came out of this set of experiments is that, despite equal offset values
in the positive and negative offset regions, the resulting lines have vastly differing track
widths and surface roughness. This indicates that the energy distribution within the laser
beam differs depending on whether or not the focus of the beam is above or below the
focal plane.
Finally, when analyzing the track width independent of the surface roughness results, it
became apparent that there was a trend in the resulting data. In the track width results, a
“W-Shaped” trendline was formed as the data moved through the focal offset values
tested. A simulation model was then generated to test if the track width of polished lines
could be predicted.
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Chapter 3
Transient Zone Formation During Laser Polishing

3
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3.1 Introduction to Transient Zones
3.1.1 Background Information
During the analysis portion of the line test experimentation, many researchers focus
solely on the steady state phase of the laser polished line, that is essentially characterized
by a constant track width. This is evident in the study completed in the previous chapter,
in which the track width and surface roughness measurements were only completed on
the steady-state region of the laser polished lines. When this is the case, the beginning
and end of the polished lines (which are not considered to be in the steady-state region of
the line) are neglected (Ukar, Lamikiz, de Lacalle, et al. 2010, Chow, Bordatchev, and
Knopf 2013, Hafiz, Bordatchev, and Tutunea-Fatan 2014). An example of this can be
seen in Figure 3-1.

Steady State
Polished Line

1.2 mm

Ground Flat
Surface

0.9 mm

Figure 3-1: Topography representing a typical steady-state region of laser polished line
However, when conducting previous sets of line polishing experiments, it was noticed
that, depending on the process parameters, the beginnings and ends of the polished lines
had geometric characteristics that were different from those of the steady state.
The slight alterations between the transient stage of the laser polished line and the steady
state portion may seem insignificant when considering a line test method experiment, but
when placed into real world applications, the difference between the states may cause a
decrease in the efficiency of the laser polishing process. This is because in most cases,
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the initial/final segments of the line also belong to the broader polished area. Typically,
an industrial laser polishing application will involve a requirement to polish an entire area
on the surface of the product. As mentioned previously, area laser polishing, however,
simply consists of overlapping single laser polished lines in sequential order to cover the
required area. There are many strategies for surface polishing, some of which are shown
in Figure 3-2, many of which are similar to conventional pocket machining strategies
(Dorado-Vicente et al. 2013, Giorleo, Ceretti, and Giardini 2015). A couple of these
methods were loosely described in the previous chapter, but the impact of these methods
is also apparent in this chapter. The linear method involves horizontal (or vertical) lines
overlapping and can consist of all the lines being formed in the same way (ex. left to
right) or altering directions. The inside-out (or outside-in) method consists of squares
which get gradually larger (or smaller) and overlap until the area is filled. Finally, the
diagonal method, although self-explanatory, consists of overlapping diagonal lines which,
again, can all go in the same direction or altering directions each laser polished line.

(a)

(b)

(c)

Figure 3-2: Conventional area polishing strategies: (a) Zig-zag/lace method, (b) Spiral
and (c) Diagonal
Although all of these methods differ from one another, they all have a common aspect
which was not considered in the previous chapter. That is that in these methods, and in
many other area polishing strategies, the beginning/ends of each line produced interacts
with the beginning/end of the previous line that was made in the process. This means that
if the transient stages of each line (e.g., acceleration and deceleration) in the area
polishing process are not formed as expected, then the overall efficiency of the laser
polishing process will be decreased.
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Thus, the focus of this study will be to generate more comprehensive understanding of
the transient stages of a laser polished line formation. To achieve this, experiments will
be conducted using the line test method with varying laser and scanner control
parameters and the results will be analyzed for discrepancies in the transient states of the
lines.

3.1.2 Transient Zone Formation Scenarios
A typical laser polished line consists of three primary sections: The initial transient
section (e.g., acceleration) in which the laser is powered on and the laser beam begins to
move; the steady state section in which the laser power and speed have reached a
continuous state; and the final transient section (e.g., deceleration) in which the beam
stops its movement and the laser is powered off. Now, the steady state section of the laser
polished line is fairly straight forward, as only the laser parameters (power, scanning
speed, focal offset, etc.) have an effect on the width of the laser polished line as studied in
the previous chapter. However, the initial and final transient states introduce additional
factors which are introduced via scanner control factors. Although some laser polishing
systems use motion stages to move the workpiece, the laser polishing system used in the
present work utilizes a laser scan head to control the laser beam movement onto a
stationary workpiece. The use of similar scan heads has been used in comparable
experimental studies (Ukar et al. 2013).
The laser scanner has a system of mirrors which pivot very rapidly to position the laser
beam onto the workpiece. The way a system like this works is that the laser beam is fed
into the scan head from the laser source via the fiber cable in the setup. The beam then
hits the primary positioning mirror which ultimately controls the output beams position in
either the X or Y direction depending on the scanner setup. The beam then reflects off of
the primary mirror and is directed into the secondary mirror. This mirror is responsible
for the positioning of the beam in the axis in which the primary mirror is not responsible
for (i.e., primary mirror is X-axis control and secondary mirror is Y-axis control, or vice
versa). The beam then deflects off of the secondary axis through the objective lens in the
system. This lens focuses the laser beam onto the surface of the substrate. Due to the twomirror system in this type of setup, the mirrors can only move so far before the reflected
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beam would miss the other mirror. Thus, the scan field (or processing area) of the system
is limited. In the setup used in this experiment, the field is 33 x 33 mm. A depiction of the
scan head setup can be seen in Figure 3-3.

Figure 3-3: Basic components of a laser scanner head (De Loor, Penning, and Slagle
2014)
While the use of a scanner is much faster than relying on the electromechanical motion
stages, the positioning mirrors cannot move instantaneously. Although the tuning and
mechanics of these types of scanners are quite advanced, acceleration and deceleration of
the mirrors, although minimal, are still apparent in the system. This introduces additional
factors that are utilized to compensate for the time required for the mirrors to accelerate
and decelerate at the beginning and end of a line respectively. These variables, as defined
by the control software for the scanner head used in this setup are known as “Laser ON
delay” and “Laser OFF delay”. According to the software manual for the scanner control,
the Laser ON delay is a time delay (in µs) which is used to allow the beam control
mirrors to accelerate properly before the laser is turned on and the Laser OFF delay
(measured in µs) is used to ensure that the laser beam reached the final point in the line
before the laser is turned off. These new factors introduce the ability to create
synchronous movement between the beam position via the mirrors (i.e., beam velocity)
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and the laser power. These scanner control factors in combination with the standard laser
parameters can heavily effect the formation of a laser polished line and its transient zone
characteristics.
For the sake of simplicity, the Laser ON and Laser OFF delay values were kept the same
in each line formation scenario and thus it was assumed that the initial states and the final
states of each line behave in similar fashions to depict the presumed outcomes. With this
in mind, there are three possible line formation scenarios that were identified during line
test experiments:
•

Scenario 1: the laser speed gradient is “ahead of” the laser power gradient (Figure

3-4). In this case, the transient states of the laser polished line have a smaller track width
than that of the steady state width of the line. The width of the track in the initial state
starts rather small and gradually grows as the line continues until the steady state width is
reached. This shows a desynchronization between the laser power and the laser velocity,
meaning that the laser beam begins to travel prior to the laser beam reaching full power.
Laser Polished
Line

Beam Velocity (%)

Laser Power (%)

Ground
Flat
Sample
Steady
State
Distance Along Line

Transient
Stage
Desynchronization
Distance Along Line

Figure 3-4: Terminal geometry of a line generated under Scenario 1 conditions
•

Scenario 2: laser power gradient is “ahead of” the laser speed gradient (Figure

3-5). In this case, transient states have a larger track width than that of the steady state
track. In this case, the initial state has a large diameter, almost circle shaped track, which
gradually decreases in size until reaching the steady state track width. Again, this shows
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an obvious desynchronization between power and velocity of the beam. In this case

Beam Velocity (%)

Laser Power (%)

however, the laser power has reached peak power before the laser beam begins to move.

Steady
State

Desynchronization
Distance Along Line

Transient
Stage

Distance Along Line

Figure 3-5: Terminal geometry of a line generated under Scenario 2 conditions
•

Scenario 3: the laser speed gradient is “in sync with” the laser power gradient

(Figure 3-6). This particular case would be the ideal scenario for any line formation in
laser polishing. The transient states of the line have the same, or close to the same track
width as the steady state portion of the line. In this case, the laser power and the laser
velocity would be synchronized such that the laser beam begins to move just as the beam
reaches peak power. This is the ideal scenario as it would lead to the shortest attainable
distance for a line to reach the desired steady state conditions. However, finding the
combination of laser power, speed and laser delays capable to generate this particular
geometry of the line end might not be always obvious.

Laser Power (%)
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Beam Velocity (%)

Distance Along Line

Distance Along Line

Figure 3-6: Terminal geometry of a line generated under Scenario 3 conditions
Of note, the relatively vague/presently undefined terms used (i.e., “ahead of”, “in sync
with”) should not be misinterpreted as simple inequalities/equalities. In reality, the
relative relationship/balance between power and speed (as analyzed in the context of
terminal line geometry) is more complex than a simple “greater than” or “equal to” sign.
However, for the lack of a better term, this somewhat imprecise terminology was used at
this time.
The impact of these formation scenarios becomes apparent when attempting to envision
the influence of the transient zones in an area polishing situation. Based on the above
descriptions and diagrams of the possible scenarios, it is possible visualize the outcome
of an area polishing process. For instance, if each different scenario was stacked with
lines of the same formation in a linear method area polishing strategy (left-to-right). This
can be seen in Figure 3-7. As can be seen, the stacking of “Scenario 1” results in an
under-polished total area as the stacked lines are not sufficient enough in the transient
zone to fill the area. On the other hand, the lines in “Scenario 2” result in over-polishing
of the desired area which is also less than ideal. Finally, in the area polished with lines
based on “Scenario 3” it can be seen that there is only a limited amount of desired area
which goes unpolished in the process, which reinforces the idea of this being the ideal
formation scenario.
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(a)

Laser On
Movement
Laser Off
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Area Under
Polished
(b)

Area Over
Polished

(c)
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Polished Area

Line(s) Start

Line(s) Finish

Figure 3-7: Area polishing outcomes for line stacking (a) Scenario 1, (b) Scenario 2 and
(c) Scenario 3
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Of course, there is the possibility that the formation scenarios are interchanged in a given
area polishing process. For example, a mixture of “Scenario 1” and “Scenario 2” such
that there is a mix of under polishing covered by a mix of over-polishing. Also, the effect
of different area polishing strategies becomes influential on the effect that the different
formation scenarios have on the overall process. Therefore, it is clear that generating a
greater understanding of the formation phenomena involved in this process is important
to predict area polishing quality.

3.2 Experimental Approach
Therefore, by means of experimentation, the above listed cases will be produced via the
line test method and analyzed such that a broader understanding of the development of
these cases can be achieved. Like many other manufacturing processes, the success of
laser polishing process is determined by a number of process parameters. However, to
limit the number of variables in the study, an initial set of experiments was conducted
while keeping some of the laser parameters constant. The constant process parameters are
identified in Table 3-1 below.
Table 3-1: Laser polishing parameters
Factor Name

Constant Value

Focal Distance

100 mm

Focal Offset
Laser Velocity
Argon Flow
Laser Operating
Mode

0.0 mm
100 mm/sec
50 CFH
continuous wave
(CW)

By keeping these parameters constant, several polished lines were generated by varying
laser power as well as laser on/off delay parameters (Table 3-2). The laser delay values
chosen range from 0 – 500 µs with varying increments. This was done because the
“default” (value chosen from software regardless of setup) is set at 250 µs. Therefore, the
goal was to test values both well above and well below this value to determine if there
was a significant impact. The laser polished lines for this experiment were produced on
the same experimental setup as the one used in Chapter 2 of this thesis.
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Table 3-2: Experimental design of the line polishing experiments
Line Number
1
2
5
4
5
6
7
8
9
10
11
12
13
14
15

Laser Power
(W)

50

100

150

Laser Delay
(µs)
0
10
50
250
500
0
10
50
250
500
0
10
50
250
500

3.3 Results and Discussion
3.3.1 Track Width Formation in Transient Zones
Upon completion of the experiments, it was evident that the tests performed whilst using
a laser power of 50 W did not affect the H13 steel enough to create conclusive or useful
information for analysis. Therefore, the analysis of the experiments will focus solely on
lines 6 – 15 as listed in Table 3-2. During the initial inspection of the resulting lines, it
was clear that the effect of the laser delay variable was more evident in the end of the line
(or by varying laser off delay). The difference in the effect when varying laser on delay
for the beginning of the lines was almost negligible. Therefore, the analysis of the results
will be solely on the ending transient zone of the polished lines.
Focusing then on the effects of laser delay on the ending transient stages of the laser
polished lines, it is evident that the variation in delay does in fact have an impact on the
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formation of the track shape. The results of the varying laser delays can be seen in Figure
3-8 and Figure 3-9 for laser powers of 100 W and 150 W, respectively.
As expected, laser delay values have triggered a variable desynchronization between laser
power and laser beam velocity gradients. In both test scenarios, the lines executed with
laser delays of 0 µs and 10 µs clearly resemble Scenario 1 as described in Chapter 3.1.2
above. As discussed, in this case laser beam begins to move along the laser polished line
path prior to having the power reach its maximum value. At the other end of the
spectrum, experiments ran with 500 µs delays fall under the Scenario 2 category. In this
case, laser power rises ahead of the actual start of beam motion, such that too much
power was delivered to the sample. Although the experiments ran at 250 µs laser on
delay are somewhat closer to the ideal Scenario 3, certain characteristics of Scenario 2
are still present. Overall, it seems to be that the lines generated with a 50 µs laser on
delay exhibit most of the characteristics of the ideal Case 3 situation.
150

100

Line 7: Delay = 10 us

Line 8: Delay = 50 us

Line 9: Delay = 250 us

50

Line 10: Delay = 500 us
0

Track Width (µm)

Line 6: Delay = 0 us

-50

-100

-150
250

200

150

100

50

0

Length (µm)

Figure 3-8: Effect of laser delay on track width at 100 W laser power
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When comparing the results for 100 W and 150 W laser power, it becomes clear that the
laser power also greatly effects the transient zone formation characteristics. For the lines
generated at 100 W, the effects of the lines formed in Scenario 1 type setting are more
evident. Since there is less power being delivered to the substrate, the transient zones are
more susceptible to this time of formation scenario. On the other hand, for the lines
produced by using a laser power of 150 W, it is Scenario 2 type lines that are more
evident in the results. Since there is a higher power level used here, there is more energy
being delivered to the transient zones. Thus, if the laser beam stays on the transient zones
for a longer period of time (higher delay value), then more energy will be delivered in
comparison to the lines generated at 100 W.
200

150

Line 11: Delay = 0 us

Line 12: Delay = 10 us

Line 13: Delay = 50 us

Line 14: Delay = 250 us

50

Line 15: Delay = 500 us
0
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-200
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250
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150

100

50

0

Length (µm)

Figure 3-9: Effect of laser delay track width at 150 W laser power
One other important outcome of the line formation results is related to the distance
required by the laser polished lines to reach steady state, or in other words, the length or
size of the transient zones. This result can be seen in Figure 3-10 below. Similar to prior
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comments, polished lines generated with 50 µs laser on delay require the lowest distance
to reach their steady state. While it was expected that the time to reach steady state for
150 W will be larger than that for 100 W lines, this was not the case between
approximately 120 µs and 300 µs.
400

Distance to Steady State (µm)

350
Power = 100 W

300

Power = 150 W
250
200
150

100
50
0
0

50

100

150

300
250
200
Laser Delay (µs)

350

400

450

500

Figure 3-10: Dependence between the length of the transient state and laser delay
duration

3.3.2 Topography Characteristics in Transient Zones
One experimental aspect that was not analyzed so far was the effect of laser delay on the
topography/geometry of the transient line phase. After a closer examination of the ends of
the polished lines, it became clear that a certain correlation exists between the laser delay
duration and the molten pool characteristics in the transient zone. The resulting
topography of the polished lines with power of 100 W can be seen in Figure 3-11.
For lines with lower laser delay values (Line 6, Line 7 and Line 8), molten pool seems to
accumulate slowly until reaching steady state conditions. By contrast, the lines associated
with larger laser on delays (Line 9 and Line 10) exhibit the characteristics of a
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“bubbling” molten pool immediately prior to the final spot of the laser beam and in turn,
this would mean that energy buildup has happened faster in these cases. As such, when
laser delay is larger and the motion is relatively slow, molten pool will end up being
larger in the transient stage. When this occurs, it seems that the material tends to flow
backwards into the area of the polished line. In doing so, a buildup of material tends to be
present prior to the transient zone location. This can be seen in the cross-section analysis
in Figure 3-11.

Figure 3-11: Topography of the initial line for: (a) line 6, (b) line 7, (c) line 8, (d) line 9,
and (e) line 10; and (f) a typical example of cross-section measurement for steady-state
section
When power is increased to 150 W, similar trends are present (Figure 3-12). However, a
certain difference is visible for the transient zone. That difference is the transient zones
generated at higher power start to exhibit certain “cratering” characteristics. In other
words, the topography within the transient zones tends to “dip” towards the final laser
beam spot, creating geometry similar to that of a crater. The cratering effect generates a
molten pool that is larger than required that tends to spread out coaxially during resolidification of the molten material. Also, same as for the lines generated at 100 W, the
“bubbling” effect becomes present near the transient zone for larger laser delay values.
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Figure 3-12: Topography of the initial line for: (a) line 11, (b) line 12, (c) line 13, (d)
line 14, and (e) line 15; and (f) a typical example of cross-section measurement for
steady-state section

3.3.3 Simple Area Polishing Test
To portray the effects that the transient stages of line formation have on area polishing, a
rough polishing experiment was conducted using a continuous wave laser with a 95%line overlap. The area polishing strategy that was used was the zigzag/alternating line
method (Figure 3-2). The laser polishing process was able to achieve a surface roughness
reduction of 83%, resulting in the areal surface roughness dropping from its initial postgrinding Sa = 1.35 µm to a final post-polished value of Sa = 0.23 µm. However, these
values are recorded at the steady state area of the sample. The lines used in this area
polishing process were produced at laser power of 150 W and laser delays of 250 µs. This
delay value was chosen to analyze the effect that the “default” laser delay value has on
the overall process.
Figure 3-13 shows the resulting area polished surface as well as the topography in the
transient zone interaction area. Despite the overall surface roughness reduction, it is clear
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that the transient zone topography formation is less than ideal. When analyzing the
topography, it can be seen that in this experiment the chosen process parameters have
yielded a “trenching” effect in the line cross over regions. This effect seems to be a result
of stacking the laser polished lines which experience the cratering effect as described
above. When the transient zones in this area interact with one another, the effect of the
cratering does not compensate for itself but instead, the effect seems to carry over
throughout the interaction zones.

Rough Polish
Sa = 0.23 µm
16 mm

Initial Surface
Sa = 1.35 µm`

Figure 3-13: Rough laser polished area showing improved roughness but less than ideal
transient zone interaction

3.4 Summary
The focus of this study was to investigate the phenomena occurring during the formation
of the transient state of a polished line as a result of the interplay between laser and
scanner control parameters, specifically in the form of delays. The main conclusion to be
drawn from this study is that both laser power and laser delays are influential on both the
terminal geometry of the laser polished track and the formation/motion of the molten
pool along the laser polished line.
Future research will attempt to investigate further the thermo-physical mechanisms
associated with the transient phases of the laser polishing process as well as to determine
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the optimal combinations of delays and power that will ensure, not only the shortest
distance to reach the steady state regime of the laser polished line but also produce
acceptable topography geometry in the transient zones.
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Chapter 4
Infrared Camera Analysis of the Laser Polishing Process

4
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4.1 Introduction to Infrared Radiation Technology and
Analysis
Although the laser polishing process has been around for quite some time now, there is
still limited knowledge of the physical phenomenon that are occurring during the actual
process itself. Most of the analysis done on laser polishing experiments is done postprocess, such as surface roughness measurements and track width measurements, (as
discussed previously in this paper) as well as hardness and material impact analysis as
well. Therefore, implementing a system in which the formation characteristics and other
physical aspects can be monitored and analyzed during the execution of the laser
polishing process will vastly widen the knowledge and understanding of the process as a
whole. One way to achieve this is to introduce infrared radiation (IR) analysis into the
system via a thermal imaging camera. IR cameras have been used over the years for a
variety of applications, from home inspection (lack of insulation) to law enforcement
(detect human body temperature when looking for a suspect), and has started to be used
more in industry for process monitoring and quality inspection (Usamentiaga et al. 2014,
Bogue 2013).
Infrared radiation is part of the electromagnetic spectrum, just like visible light, but with
slightly larger wavelengths. The infrared region of the electromagnetic spectrum begins
at the end of visible light (780 nm) and continues to the beginning of the radio
wavelength region (approximately 1000 µm). Within the entire infrared region, the area
of most importance in this case is part of the near-infrared (NIR) region from 780 nm to
14 µm because this is the area in which most thermal imaging cameras operate. This can
be seen in Figure 4-1 below. The reason for operating in this range is because most
temperature measurements lie within this region due to the fact that the energy with
wavelength above 14 µm is too low to detect with any type of sensor (Omega 1998).
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Figure 4-1: Electromagnetic spectrum outlining infrared region of interest
It is not as simple, however, as pointing a camera at the surface and being able to
determine the temperature because there are many other factors that influence the
radiation characteristics of a workpiece. When energy is delivered to the surface of an
object, there are three scenarios that can take place: the energy is absorbed by the
material, the energy is reflected off of the surface or the energy is transmitted through the
workpiece (or a combination of the three). To define these characteristics, a black body is
often used. A black body is an idealized object in which no incoming energy is reflected
or transmitted, meaning that all the incoming energy, regardless of wavelength or
incident angle, is absorbed into the material. However, since very few materials actually
exhibit the characteristics that define a black body, another term, known as emissivity (ε)
is introduced. Most bodies, referred to as grey bodies, radiate less energy than a black
body at the same given temperature, and thus, the emissivity of a material is a ratio of the
actual radiation of a grey body in comparison to a black body. Therefore, it is a value
from 0 to 1, with 1 representing a perfect black body.
The absorptivity (α) of a material, similar to emissivity, is a percentage (or fraction) of
the total energy. In other words, it represents the amount of input energy that is absorbed
by the material. Often, emissivity and absorptivity are assumed to be interchangeable
because if energy is absorbed by the object, then it is presumed to be emitted by the
object as well. This is a point to keep in mind for future discussion.
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Returning back to the three possible outcomes of inputted energy, the other parameters
(aside from emissivity) are reflectivity (or reflectance, ρ) which is the fraction of input
energy reflected away by the surface and transmissivity (τ) is the fraction of irradiation
that is transmitted through the object. These three parameters are what greatly influences
the infrared sensor reading, as can be seen in Figure 4-2.
IR Sensor
(Thermal
Camera)
Radiation from
Energy Source
(Laser)

Radiation from
Ambient
Temperature, Tam

ρ

ε

Substrate
Temperature, Ts

τ

Workpiece

(or α)

Figure 4-2: Factors influencing the temperature reading of the IR camera
With this in mind, it can be said that the sum of the three fractions described above is
equal to the total amount of radiation energy on the surface of the workpiece. This means
these parameters can be calculated in unity as:
𝜌+ 𝜀+ 𝜏=1
However, transmissivity only influences materials which are transparent, meaning that
opaque materials (such as tool steel) are uninfluenced by this parameter. For this reason,
transmissivity is equal to zero (τ = 0) and thus:
𝜌+ 𝜀 =1

64

It is at this point in which the comparisons between emissivity and absorptivity again
become apparent. Kirchhoff’s law of thermal radiation (Tesar et al. 2012) states that, for
a body at constant temperature, the emissivity and the absorptivity are equal (ε = α).
Meaning the above equation could also read:
𝜌+ 𝛼 =1
This is often the case when implementing a thermal imaging camera into a system
because the object(s) being measured is often at a constant (or near constant) temperature.
However, the laser polishing process does not occur in a constant temperature
atmosphere and the surface of the workpiece does not remain at a constant temperature
during measurement. Laser polishing is the process of heating the surface of the substrate
via an external energy source (being the laser) and not just influence from the ambient
temperature of the atmosphere. Heating of the surface (to the melting point) means that
the surface is absorbing more energy than it is emitting. This is the case because, if the
object were to be emitting more energy than it was absorbing, the object would be
cooling in terms of temperature.
Therefore, since during the process of laser polishing the temperature of the substrate
differs throughout the entire duration of line(s), both the emissivity and absorptivity have
an influence on the temperature reading of the thermal imaging camera. With this in
mind, it becomes apparent that not only external aspects such as ambient temperature of
the atmosphere have an impact on the information generated by the IR camera but the
reading is also heavily influenced by the emissivity, the absorptivity and the reflectivity
of the workpiece material as well. These factors then become crucial to determine the
implementation and use of the thermal imaging camera into the setup.
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4.2 Experimental Method
4.2.1 Experimental Setup Alterations
The main components of the experimental setup (laser, motion system, etc.) are identical
to the setup used in the previous experiments done in this paper, however, a few additions
and alterations were needed to incorporate the infrared analysis setup into the
experimental system.
The first, and most necessary change to the experimental setup was the addition of the
thermal imaging camera itself. The camera that was used in this set up was an Optris PI
160 infrared camera which has measurable temperature range of -20 °C to 900 °C. This
particular IR camera has an accuracy of ± 2 °C or ± 2%, whichever is larger during the
temperature reading. The camera is equipped with a 23° x 31° field of view (FOV) lens,
which has a 10 mm focal distance, and a minimum working distance of 20 mm from the
workpiece. The camera captures data at 100 Hz which is equivalent to 100 frames per
second, meaning that each individual frame is a 0.01 second time step. The camera is
connected via USB cable to “Computer 2” in the experimental setup (as described in
Chapter 2.2.2) which utilizes the associated software called Optris PI Connect to control
the IR camera functionality.
Before implementing the thermal camera into the system, a few crucial design decisions
had to be made. The first decision was where to mount the camera as there were many
different potential mounting points within the setup; of which two were strongly
considered. The first option was to design a bracket to somehow mount the camera to the
objective lens. In this option, the workpiece would be free to move throughout the
camera’s FOV as the two would move independently. The second option, on the other
hand, was to design a mount that attaches the camera to the X-Y motion stage in which
the argon enclosure base and workpiece sit. In this scenario, the FOV for the camera is
always the same and stationary as the objective lens’ movements (Z-motions) will not
affect the camera. The downfall of this setup, however, is that since the camera and the
workpiece are attached to the same motion control, the workpiece itself will have to be
moved within the setup manually for each different experiment. This is because any X-Y
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movement via the motion control will move both the camera and the workpiece meaning
that the FOV will always be on the same spot of the workpiece. Although both of these
mounting options have their advantages and disadvantages, it was decided that the second
option (mounting to motion stage) was more suited to the experiments being done for this
study. This is the case because, as determined previously, the input parameters such as
laser power, laser beam velocity and focal offset distance all have an impact on the final
result of the polishing process. Although laser power and beam velocity have no effect on
determining the location of the camera, focal offset does. If the camera were to be
mounted to the objective lens, then every time the focal offset distance was varied, the
camera to workpiece distance would change, thus changing the FOV and focus of the
camera. This is less than ideal since multiple measurements are to be acquired by the
camera, and if they are acquired at different fields of view then it skews the results and
comparison efficiency slightly. With a setup in which the camera is mounted to the
motion stage, the FOV will be constant regardless of the focal offset distance.
Now, with the mounting location decided, one more decision had to be made before the
design of the mounting bracket could begin. That decision was the orientation of the
camera relative to the surface of the workpiece. The orientation scenarios that were
considered can be seen in Figure 4-3 below. In many IR camera applications, the camera
is setup in such a way where the camera and the FOV are perpendicular to the measuring
surface. This is the ideal scenario because, as discussed above, the reflectivity of the
workpiece plays a significant role in the reading of the IR camera. Thus, being
perpendicular to the surface limits the amount of reflected radiation interpreted by the
camera. Unfortunately, as can be seen in Figure 4-3, this scenario is not possible in the
experimental setup used in this study. This is because the distance from workpiece to the
objective lens (at the focal plane) is 87 mm and the thermal camera from lens to
connectors at the rear is well over 100 mm in length. Add into account the 20 mm
working distance and it is clear that having the camera in a vertical orientation (case A) is
simply not possible. As a result of this, the camera will have to be mounted in the system
on an angle to the surface to avoid collision with the objective lens.
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Figure 4-3: Potential IR camera orientations outlining case A, B and C
Previous studies utilizing thermal imaging cameras have studied the effect of angle on the
result of the camera readings (Westermann et al. 2013, Muniz, Cani, and Magalhaes
2014), however the experiments in these studies were performed on objects of constant
temperature and minimal reflectivity. Two of the possible camera angles that were
considered can be seen in Figure 4-3. The first is a small angle between a vertical line
perpendicular to the surface and the second is a larger angle in the same respect. The
larger angle, although it negates any possible interference between the objective lens and
the IR camera, it skews the camera’s FOV too much for reasonable measurement
(case B). On the other hand, the smaller angle option (as can be seen in Figure 4-3),
represented by the green check mark) creates a reasonably acceptable FOV for the
camera, while still avoiding interference with the camera (case C). During the initial
stages of the camera mount design, it was noticed that the minimal angle of operation that
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can be utilized to avoid interference was 25 ° from the vertical. Although this angle of
operation agrees with previous studies (Muniz, Cani, and Magalhaes 2014), it does not
necessarily mean the resulting outputs will be the same.
Finally, the last item taken into consideration prior to the mount design was the argon
enclosure itself. The enclosure used in previous experiments was designed to be more of
a permanent enclosure and thus, was only removed after experiments were completed and
were ready for analysis. However, since the IR camera was to be mounted to the motion
stage and the workpiece would need to be moved for subsequent experiments, the
previous enclosure was not ideal. Therefore, it was apparent that incorporating the
camera mount into a more suitable gas enclosure would be the ideal scenario.
To being the design process, the preliminary components, being the scan head, the
objective lens, the workpiece and the IR camera were assembled into a computer-aided
design (CAD) software model and positioned such as they would be in the real-world
setup. The CAD software that was used for this design was Solidworks 2016. This initial
model can be seen in Figure 4-4. The components were pre-positioned prior to the design
process because the camera FOV and laser working area needed to overlap within a
reasonable distance of each other. Therefore, the location of the objective lens needed to
be pre-determined such that the laser would be able to operate within the camera’s FOV.
It was apparent that the easiest and most efficient way to contrast this enclosure was
going to be through the use of a 3D printer. Although it would be possible to machine
such an enclosure, the time and cost savings of a 3D printer outweigh any loss in quality.
The 3D printer that was available for use was a MakerBot Replicator 5th Generation
model which uses PLA plastic to print the desired parts. Although some 3D printers have
rather large print volumes available, this model is slightly limited by its size. The build
area dimensions of the printer used are 29.5 cm (length) X 19.5 cm (width) X 16.5 cm
(height). The enclosure that is needed for the new experimental setup, however, needs to
be much larger than then available printer’s build capacity. For this reason, a “design-formanufacturing” approach needed to be taken when designing and modelling the
enclosure.
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Figure 4-4: Solidworks model of preliminary components
With this in mind, it was clear that the enclosure would have to be designed in separate
pieces which could be constructed together in a way that will both hold the camera in the
necessary location(s) and still make sure the argon gas delivered into the system stays
within the enclosure. To accomplish this, the mount / enclosure was separated into three
major sub-categories: the base, the lid and the camera mount. To account for the build
limitations of the 3D printer, the pieces within the enclosure were designing to “snaptogether” as to avoid any glue, adhesives, etc.
Since the previous gas enclosure had an acrylic base already mounted to the motion stage
within the experimental setup which has a connection point for the argon tubing, it made
sense to create the new enclosure base off of this. Thus, the new base consists of four
plates that are the same height as the previous base (from motion table to top of base) that
connect via box joints at the end of each plate. These plates each have three cutouts on
the top of the plate which will be used to connect the lid assembly of the enclosure to the
base via interference (or friction) type joints. The left plate has a cutout which serves two
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purposes: the first is being an opening for the argon tubing connector; the second is that,
once the base is fully snapped together, it cannot be removed from the previous base due
to interference with the connector. The base design can be seen in Figure 4-5 (shown in
blue).
The lid section of the enclosure was slightly more difficult because, unlike the base
section, the necessary pieces for the lid aren’t symmetrical to each other. The lid section
needs to connect the base section to the objective lens of the experimental setup. Similar
to the base section, the main portion of the lid consists of four plates. The four plates
angle from the base section towards the general area of the objective lens. Each plate has
angled box joints which correlate to the concurrent angle between the plate itself, and the
connecting plates which, although it is a tricky process to model, ended up working very
well for this situation. Each of these four plates has three extrusions on the bottom of the
plate, which correspond to the cutouts in the base, which are used to press fit the lid to the
base, which can be seen in Figure 4-5 (shown in green).

Left

Front

Rear

Right

Figure 4-5: "Snap together" design for camera mount / gas enclosure
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The lid section of the enclosure is completed by a top plate which consists of a cutout for
the objective lens to enter into the enclosure without interference. The top plate also has
angled box joints that match the angles of the corresponding plates such that, once the
four plates are connected, the top plate can be press fit onto the top of the lid, created a
solid structure for the enclosure. The lid portion of the enclosure also has two important
features within in. The first is that the left plate has a cutout and a “tongue-and-groove”
type connection such that the camera mount can be attached and the necessary cables can
be fed into the system. The second feature is that the front plate has a large rectangular
cutout which faces the system operator. As mentioned previously, this setup style chosen
requires the workpiece to be manually moved between experiments and thus, this cutout
allows the operator to reach their hand into the system and place the workpiece as
necessary. A thin, transparent film is secured over the cutout during experimentation such
that the gas delivered into the system remains into the system. Upon assembly of the
entire enclosure, the seams of the separate parts were sealed together using caulking just
to ensure that no argon gas leaks out of the system.
The final aspect of the enclosure design was the camera mount itself. As mentioned
previously, the left plate of the lid assembly has a mounting point for the camera bracket.
The bracket took some iteration, but eventually a design was finalized in which the
camera mount was a separate entity from the rest of the enclosure. This was done for two
reasons: the first was that so if experiments were done without the need for an IR camera,
the camera mount could be removed and the hole sealed so that any interference with the
camera was avoided. The second reason, which came to fruition through testing, was so
that the camera positioning could be easily adjusted. To accomplish this, a mount was
designed which utilizes the camera mounting locations, but uses slots parallel to the
camera’s FOV such that the distance between the camera and the workpiece can be
varied if necessary. The camera and mounting bracket can be seen in Figure 4-6 below.
To ensure there was no interference between the objective lens and the enclosure, the
cutout in the top plate of the lid section was designed larger than the lens itself. This
resulting in a noticeable gab between the lens and the enclosure.
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Figure 4-6: Camera mount bracket with adjustable positioning and mounting slot
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Figure 4-7: Enclosure and mount installed into the existing experimental setup
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To compensate this, both the exterior of the lens and the interior of the cutout were line
with a 9 mm thick rubber seal. These seals allow the objective lens to move freely in the
Z direction, while still ensuring that no argon gas is leaked from the system. The
completed enclosure installed into the existing experimental setup can be seen in Figure
4-7 above.

4.2.2 Calibration
With the new camera mount and enclosure installed into the experimental system, the
next step that needed to be taken prior to experimentation was the calibration of the IR
camera. Although there are many possible ways to calibrate an infrared device, there are
many intrusive calibration techniques which alter the surface of the workpiece. These
methods are not ideal and therefore two non-intrusive methods were used to attempt to
calibrate the camera.
The first technique is quite common when calibrating infrared devices (such as
pyrometers, cameras, etc.). This technique consists of using a material of known
emissivity as a comparison to the unknown material such that the emissivity of the
workpiece can be determined. Since black bodies are the “ideal” material in terms of
infrared capturing, it is a common approach to use a material close to a black body as the
material of known emissivity. The material used in this calibration was electrical tape
which has a known emissivity value of 0.95. Therefore, to calibrate the camera, a piece of
electrical tape is placed on the surface of the workpiece and the entire setup is allowed to
reach a constant temperature (equal to the ambient temperature). Then, since the IR
camera software allows the setting of the emissivity value, the emissivity of the capture
window is set to 0.95 and the temperature of the electrical tape is noted. From here, via
trial-and-error, the emissivity value of the capture window is altered until the surface of
the workpiece’s temperature equals that of the electrical tape reading that was previously
taken. Since both the workpiece and the tape are the same temperature, the emissivity
value of the workpiece can be determined. This process can be seen in Figure 4-8.
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H13 Tool Steel
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Electrical Tape
Ε = 0.98

Ttape = Tsteel = Tamb

Figure 4-8: IR camera calibration via known emissivity object
The second calibration method used involved the use of an external temperature
measurement device to read the temperature of the workpiece. To do this, a hot plate was
used to heat the entire workpiece. This was done because, as with most materials, the
properties of tool steel tend to change with a rise in temperature. Since laser polishing
involves the heating of the material, it made sense to heat the workpiece during
calibration. A contact “Type K” thermocouple was secured to the top surface of the
workpiece, which is the surface that the infrared camera will be reading temperature
from. The material was then heated to a temperature of 200 °C, which is much smaller
than the temperatures involved during laser polishing, but the IR camera used is not to be
exposed to temperatures exceeding this value. Although it is exposed during the polishing
process, it is very rapidly cooled and only exposed to high temperatures for a very short
amount of time, whereas during the calibration the camera was exposed for an extended
period of time. Once the workpiece reached a steady state temperature of 200 °C, as read
by the thermocouple, the emissivity of the IR camera capture window was again altered
until the reading from the camera matched that of the thermocouple. This can be seen in
Figure 4-9.
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Figure 4-9: IR camera calibration via known material temperature (handheld pyrometer
not shown)
Upon completion of these two calibration techniques, it was determined that the
emissivity of the H13 tool steel workpiece was approximately equal to 0.285. This value
is in-line with the emissivity values of common steels. Therefore, this emissivity value
will be used for the proceeding experiments.

4.2.3 Limitations of the IR Camera
Upon completion of a few testing experiments for the newly implemented IR camera
setup, it became apparent that there were going to be a few crucial limitations to the setup
being used. The first limitation that was encountered was the working distance and the
FOV of the infrared camera. The camera used during this study is often used to measure
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objects that are much further away from the device than they are in the current setup.
However, as the distance between the device and the object increases, the FOV also
increases as well. This can be seen in Figure 4-10.

0.043 m

IFOV

VFOV

0.012 m

0.21 m

Figure 4-10: FOV changes for IR camera
It can be seen that, as the distance from the object increases, the horizontal FOV (HFOV),
the vertical FOV (VFOV) and diagonal FOV (DFOV) all increase as well. As a result of
this, the individual FOV (IFOV) which represents the size of a single measurement pixel,
also increases. Since the laser polishing process creates a very small effected area on the
workpiece (especially when considering single polished lines), it becomes ideal to have
the smallest pixel size possible. This is the case because the measured temperature in one
pixel area is averaged over the size of the pixel. Thus, if the pixel size is quite large, then
too much information will be lost due to averaging within the individual pixels
themselves. Therefore, the ideal situation is to run the experiments at the minimum
working distance of the camera (20 mm) such that the IFOV is as small as possible.
However, this is where the limitation of the setup is introduced. When working at the
minimum working distance, the FOV of the camera is quite small and makes it very
difficult to position the laser in such a way where the information will be captured by the
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camera. Thus, it was necessary to increase the distance between the camera and the
workpiece to 25 mm. With this slight increase, the FOV is slightly expanded such that the
laser polishing process can be captured. However, as a side effect of this, the pixel size is
increased as well. In this setup, the IFOV is approximately equal to 120 µm, which
although is not ideal when working with such a small process, is acceptable for this
study.
On the other hand, the second limitation that was encountered is much more influential
on the results of this study. The software for the IR camera captures the temperature
readings in two different operating ranges: 0 – 250 °C and 150 – 900 °C. Logically
speaking, the majority of the temperature readings during the laser polishing process
should be in the higher range because the process itself consists of melting the material
which requires temperatures much higher than 900 °C. However, during the preliminary
tests with the camera, only temperatures of around 400 °C were being observed. This
brings back into consideration the influence of the emissivity of the material. Since the
temperature reading of the camera is less than that of reality, this indicates that the
emissivity value chosen is too large. However, since the two calibration methods
mentioned earlier were used to calculate the emissivity, this is not the case.
Again, since many infrared radiation capturing devices are used for constant temperatures
substrates, it is assumed that the emissivity is equal to the absorptivity. However, this is
not the case for the experiments being done in this study. It is believed that as soon as the
laser is introduced into the system, the material properties of the substrate are effected.
Since the temperature of the measurement area is rapidly changed, the emissivity value
that was calculated via the calibration methods becomes incorrect (Moylan et al. 2014).
Unfortunately, there is no way to calibrate the emissivity value while the laser is
influencing the material. This is the case because it would require the laser to be
constantly on during calibration which would severely affect the workpiece and
potentially be harmful to the rest of the experimental setup, most notably the IR camera
itself. Another item to note is that the IR camera software does not allow the setting of
the absorptivity of the material (again because often it is assumed ε = α). Therefore, in an
attempt to match real-world temperature measurements, the emissivity value within the
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IR camera software was set to 0.1, which represents the minimum possible value within
the software. Unfortunately, the measured temperatures during these experiments were
also incorrect in comparison to the expected temperatures of the process. This becomes
further evidence that during non-constant temperature measurements all three radiation
related material properties (emissivity, absorptivity and reflectance) have an influence on
the captured temperature readings.
Since, as far as the understanding within this study is concerned, there is no way to
compensate for the rapid changes during the laser polishing process, it became evident
that the real-world temperatures were not attainable. However, despite this, it was clear
from the preliminary tests of the IR camera that the temperature characteristics during the
laser polishing process were indicative of the influence of the temperature on the finished
surface. Therefore, the results obtained from the thermal camera experiments focus solely
on the qualitative aspects (temperature distribution, temperature characteristics, etc.) as
opposed to qualitative results (actual temperature values obtained).

4.3 Results and Discussion
4.3.1 Comparison of Simulation vs Real-World Results
As a preliminary means of validation for the IR camera setup, some initial tests were
performed and compared to the expected output which was generated by the simulation
software. There were two types of output comparisons that were studied, the first of
which is the temperature distribution pattern of the laser polishing process. This initial
comparison can be seen in Figure 4-11. It is important to keep in mind when comparing
the simulation results to the IR camera results that the simulation is capable of producing
all possible temperatures, whereas the IR camera is limited to the operating range of
0 – 250 °C. This has the potential to slightly skew the comparison of the two methods.
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(a)
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(b)

B

B

Figure 4-11: Comparison between results generated using (a) IR camera and
(b) Simulation with cross-sections used below in Figure 4-12
Although the temperature “zones” in the simulation generated temperature field are more
clearly defined, there is a clear connection between the temperature field of the IR
camera and that of the simulation. Both of the results exhibit a shape in which the bulk of
the temperature exists at the front of the travel path while squeezing together as the
temperature tails off. This shape will hence forth be referred to as a “comet” shape. The
correlation in the shape of the temperature fields between the real-world results and the
simulation results indicates that the data acquired using the IR camera in the experimental
setup is accurate in terms of temperature fields.
The second aspect of the comparison study was the shape and characteristics of the
temperature profile generated along the polished line. This comparison can be seen in
Figure 4-12, with the cross-section profiles being derived from Figure 4-11. Although the
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data acquired via the IR camera is limited to a specific temperature range (hence the tophat result) and is qualitative analysis, the correlation between the two results is still clear.
(a)

Temperature at center line of the scanning path at t=45 (ms)
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(b)
View A-A

Camera Cut-off
Temperature
(~ 250 °C)
Temperature (°C)
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Length Along Line (mm)

Figure 4-12: Temperature profile comparison between (a) Simulation (View B-B) and
(b) IR camera software capture (View A-A)
Both the temperature profile of the IR camera and the temperature generated by the
simulation software have a slow rise to the peak value which is followed by a steeper
decent back to ambient temperature. The steep profile on the right side of the temperature
profile is indicative of the “front” of the laser beam track. As the beam hits a specific
location, the temperature rises dramatically as the radiation is introduced. Then, the slow
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fall on the left side of the profile is in association with the tail section of the “comet”
shape as seen above. Although the length of the temperature profiles differ between the
two methods, the focus of the comparison was on the general shape of the profiles.

4.3.2 Focal Offset Variation Temperature Characteristics
In Chapter 2 of this study, the impact of varying the focal offset distance on the track
width formation and surface roughness of individual lines was investigated. Within the
results of these experiments, it was seen that the ideal polished lines existed further away
from the focal plane as the power was increased. However, even though the same values
were tested for both positive and negative focal offset distances, the results were different
when comparing the two. Meaning that, for example, 0.6 mm offset (positive) and
– 0.6 mm offset (negative) for laser power of 100 W and laser beam velocity of
50 mm/sec differed by approximately 90 µm in track width and 0.6 µm in surface
roughness. This goes to show that, despite equal distance from the focal plane, the
formation characteristics of these scenarios are different.
Another conclusion that was drawn was that zero-offset distance (or at the focal plane)
was often the worst result in terms of both track width and surface roughness for each
power / speed combination. Thus, it seemed logical to study the temperature
characteristics during these scenarios to see if any noticeable trends or differences in the
scenarios existed. Therefore, an experiment was devised to test just that, which can be
seen in Table 4-1.
Table 4-1: Focal offset experiments and results for IR camera tests
Polished
Line No.
E1-1
E1-2
E1-3
E2-1
E2-2
E2-3

Power (W) FOD (mm)
100

150

-0.6
0.0
0.6
-1.2
0.0
1.2

Laser Velocity
(mm/sec)

50

Track Width Surface Roughness,
(µm)
Ra (µm)
311.1009
0.955764
326.3509
1.06371
219.7594
0.387066
351.1619
0.904314
427.0681
1.36519
295.6125
0.321751
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The experiments conducted consists of 6 polished lines being generated in the setup with
the IR camera. One thing to note about this set of experiments is that the laser velocity is
kept constant at 50 mm/sec. This was done because, since the FOV of the camera is
relatively small, the polished lines that were generated could only have a length of 8 mm.
Thus, travelling at 50 mm/sec, the entire time to encompass the entire process is only
0.16 seconds. As mentioned earlier, with the camera operating at 100 Hz, each frame is
equivalent to 0.01 seconds, meaning that the entirety of the line exists within 16 frames,
even running at 50 mm/sec. Therefore, if the same lines were to be generated at
100 mm/sec, only 8 frames would be present in the captured data. This would mean that
the trends in the data would be much more difficult to capture and interpret.
Looking at the outputs from this set of experiments in Table 4-1, it can be seen that both
the track width and surface roughness values achieved during experimentation are quite
similar to the data captured in the previous study, which can be seen in Table 2-2.
Therefore, it is assumed that the results obtained in this experiment are indicative of the
temperature characteristics that would have been seen in previous experiments.
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Ambient
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Figure 4-13: IR camera results for steady state capture of (a) E1-1, (b) E1-2 and (c) E1-3
The first aspect that was investigated as a result of this set of experiments was the size
and shape of the temperature “comet” during the steady state region of the polished lines.
First looking at the temperature gradients for P = 100 W, which correspond to E1-1
(Experiment set 1, polished line 1 for future reference) to E1-3 and P = 150 W,
corresponding to E2-1 to E2-3, which can be seen above in Figure 4-13 and below in
Figure 4-14 respectively. First of all, when observing these figure, and future figures
similar to them, it is important to keep a few items in mind. The first is that, as mentioned
earlier, the temperature results are not equal to the real-world temperatures, hence why no
specific temperature value is indicated in the figures. The second is that the data captured
these experiments was done so throughout the process, which results in a video as
opposed to still shots. Therefore, in terms of Figure 4-13 and Figure 4-14, each image is
representative of 0.01 seconds of the entire process.
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Figure 4-14: IR camera results for steady state capture of (a) E2-1, (b) E2-2 and (c) E2-3
The frames that were used for the above figures were captured at the 10th frame of the
process, which is equivalent to 0.1 seconds into the line. This was done to ensure that the
process had reached steady and that the temperature “comet” had enough time to display
a sufficient temperature gradient which could be studied.
Looking first at the results for E1-1 to E1-3, which can be seen in Figure 4-13, it can be
seen that a correlation between the temperature gradients during the polishing process
and the output parameters can be seen. Comparing first E1-1 and E1-2, it can be seen that
the two temperature gradients are very similar, with the gradient for E1-2 being slightly
longer (in terms of left-to-right size) and width (top-to-bottom size). However, this is to
be expected seeing as the resulting track widths and surface roughness are very similar to
the each other. The main comparison to be made here is between the first two lines and
E1-3. It can be easily seen in this comparison that the temperature gradient in E1-3 is
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much smaller and more compact than those of the previous two lines. This temperature
gradient results in a much smaller track width than the other lines in this set as well as a
much more improved surface roughness.
Similar results can be seen in Figure 4-14, which corresponds to E2-1 to E2-3, generated
at a power of 150 W. However, what differs from the previous results is that each of the
three lines generated in this set have fairly different outputs. Observing E2-2 first (zerooffset), it can be seen that the temperature gradient is very large, both in terms of length
and width, when comparing it to that of the rest of the lines in the experiments. Again, as
the track width and surface roughness both decrease, so does the size of the temperature
gradient with E2-3 (similar to E1-3) exhibiting a small, compact temperature gradient.
One thing of note concerning E2-1 is the odd shape of the “comet tail” (or the trailing
temperature gradient) is the odd, unsymmetrical shape. This irregularity will be discussed
in more detail later in the study.
The second aspect of analysis for this particular set of experiments relates to the
temperature profile throughout the process. Since the temperature profile of the entire
line is constantly changing during the generation of the polished line, it becomes quite
difficult to graphically depict the temperature profile for the entirety of the line.
Therefore, to depict the temperature profile characteristics, one measuring point was
placed halfway through the line (both in terms of length and width). This measuring point
is a 3 x 3 pixel area (smallest possible measuring area) in which the laser moves through,
leaving behind the resulting temperature profile. The temperature profiles for E1-1 to
E1-3 and for E2-1 to E2-3 can be seen in Figure 4-15 and Figure 4-16 respectively.
When looking at these figures, it is important to keep a couple of items in mind. First of
all, each of the polished lines were generated independent of one another and thus there is
no temperature interaction between the lines. In the first plot of the respective figures, it
may appear as though the lines occur simultaneously, this is not the case; they just begin
at the same times in terms of the IR video capture. The important aspect to analyze in the
first plot of the figures is the width of the peak and the decay slope of the temperature
profiles and comparing them to one another.
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However, since the three polished lines are stacked in terms of time, it becomes slightly
difficult to visualize the individual profiles. Therefore, in the second plot of the
respective figures, the temperature profiles are staggered so that the individual
shapes/sizes can be seen. In these plots, it appears as though the temperature profiles
occur at different times in comparison to one another. However, the actual time itself is
not important in these plots, but what is important is the time that the temperature spans
between ambient temperature periods. In reality, since each measuring point is in the
same location, they would all appear at the same time. Therefore, for clarity sake, the
lines are staggered along the x-axis (time) such that the trends in the profiles can be
studied.
One item of note when studying these results is the “top-hat” trend which exists at the
peak of the temperature profiles. As mentioned previously, the camera has set operating
ranges so when the measured temperature rises above this value, the reading becomes
maxed out. However, if the measured temperature is much higher than the maximum
value of the operating range, the software attempts to extend the range of the zone which
causes some discrepancy between the maximum value of the temperature profiles.
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Figure 4-15: Temperature profiles for steady state point of FOD experiments at
P = 100 W (a) real-time and (b) staggered for visual clarity
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Figure 4-16: Temperature profiles for steady state point of FOD experiments at
P = 150 W (a) real-time and (b) staggered for visual clarity
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Observing first the results for P = 100 W in Figure 4-15, similar trends as the temperature
gradient results can be seen. As expected, the profiles for E1-1 and E1-2 are very similar,
with the peak temperature of E1-2 being slightly higher as well as the time of exposure
being slightly extended. Again, E1-3 is the outlier in terms of this set of experiments. Not
only is the peak temperature lower than those of the previous lines, but the profile
remains at the peak temperature only momentarily, whereas the previous lines remained
at peak temperature for a brief period of time. E1-3 also recedes back down to
approximately ambient temperature much faster than that of the previous lines in the
experimental set, which is indicative of the more compact temperature gradient.
Similar trends can be observed in Figure 4-16 which depicts the temperature profile for
E2-1 to E2-3. Due to the increase in power, the temperature profile trends are slightly
more apparent in this set of experiments. E2-1 exhibits similar trends to that of E1-1 and
E1-2, which correlate to the “medium” sized temperature gradients, whereas E2-3 shows
similar behavior to that of E1-3, or the more compact temperature gradients as discussed
above. E2-2, on the other hand, exhibits characteristics unlike the other lines generated in
the experiment. Due to the larger size of the temperature gradient, the profile shows a
larger peak value in which the profile remains at for an extended period of time. Also, the
time to return to ambient temperature (or exposure time) is much larger than that of the
other lines in the set. These results indicate that the temperature gradients, which can be
viewed and analyzed in real time, have a strong correlation to the characteristics of the
associated temperature profiles of the generated lines.
To analyze these behaviors quantitatively, two constant temperature values were chosen
(one near peak value, 230 °C; and one near ambient temperature, 75 °C) and placed on
the plots which can be seen in Figure 4-15 (b) and Figure 4-16 (b) above. These
temperature values depict the amount of time each of the measuring zones is exposed to
the given temperature. The lower value is used to depict the decay rate; meaning the
longer the time duration in this zone, the longer the measuring area takes to cool down.
The higher value is indicative of the duration of time the measuring area is exposed to
near peak value temperatures. The results of this analysis can be seen below in Table 4-2.
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Table 4-2: Duration of temperature profiles at measurement cut-off temperatures
Temperature
Cutoff (°C)

75

250

Polished
Line No.
E1-1
E1-2
E1-3
E2-1
E2-2
E2-3
E1-1
E1-2
E1-3
E2-1
E2-2
E2-3

Time
Start
0.066
0.068
0.064
0.070
0.067
0.073
0.078
0.078
0.078
0.078
0.078
0.083

Time
Decay
End
Duration
0.152
0.086
0.160
0.092
0.120
0.057
0.158
0.088
0.222
0.154
0.139
0.066
0.104
0.026
0.109
0.031
0.101
0.023
0.108
0.030
0.126
0.048
0.112
0.029

FOD
(mm)

Power
(W)

-0.6
0.0
0.6
-1.2
0.0
1.2
-0.6
0.0
0.6
-1.2
0.0
1.2

100

150

100

150

When studying the results in the above table, it can be seen that there is a correlation
between the duration lengths of the polished line and the final polished line quality.
When the focal offset is set to zero, the duration in both the temperature zones is much
higher than that of the values seen when a focal offset is introduced. This indicates that
the longer duration period relates to an excess of energy being delivered to the substrate
which results in a less than ideal surface quality of the polished line.
Although these results seem to be intuitive, meaning that the larger the temperature
gradient the larger the affected area on the workpiece is leading to larger track widths and
more inconsistent surface finish, the above results still provide insightful information
about the over process of laser polishing. These experiments prove that, despite the
results being qualitative as opposed to quantitative, the outcomes of the experiments are
still viable. First of all, the information gathered through these experiments proves the
fact that there is a clear difference between positive and negative focal offset distance,
which was investigated in Chapter 2. The temperature gradients that were captured
during these experiments were much larger when the lines were generated in the negative
focal offset region than they were in the positive region. This provides further evidence to
conclusions drawn earlier in this study.
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Secondly, and possibly more influential on the industrial impact of this study, is that the
results obtained via the IR camera during experimentation could be implemented into a
process monitoring and control scenario. This is the case because there is a strong
correlation between the visual thermal gradients seen by the IR camera and, not only the
temperature profiles, but ultimately the track width and surface roughness. Therefore, by
generating an understanding of the trends within the temperature gradients, the track
width and surface roughness of the final polished line can be obtained. Since the camera,
and similar IR cameras, are capable of processing and outputting the captured
information in real time, it would then be possible to implement a program that could
recognize the temperature gradient patterns in real-time. From here, it would be possible
to adjust the process parameters of the laser polishing process during the actual process
itself. Therefore, it would become possible to implement real-time process control into
laser based manufacturing applications, which is something that is lacking currently in
industry (Mani et al. 2017).

4.3.3 Influence of Temperature in Transient Zones
The next logical move in terms of infrared temperature measurements was to study the
temperature characteristics during experimentation involving the laser delays which were
tested in a previous study (Chapter 3). The final output shape of the transient zones in this
previous study was determined to be influenced by the laser delay function within the
scanner control software. However, it also appeared, during the analysis phase of this
study, that other factors may have some impact on the formation characteristics of the
transient zones of the polished line. It was assumed that both the initial surface
topography and the temperature could have a role in the outcome of the laser delay
experiments. Since the initial surface is ground flat H13, it became apparent it would be
difficult to study due to the constant inconsistencies between different testing locations.
Thus, the focus of alternate impacting factors shifted to the influence of the temperature
within the transient zones.
To study the impact of temperature during polishing of lines similar to those generated in
Chapter 3, a small experiment was devised. In this experiment, three lines were created,
one after another, separated by 1 mm between the lines. This was done in accordance

92

with how the previous polished lines were created. The three lines in this experiment
were produced at a power of 100 W, and a laser beam velocity of 50 mm/sec. The laser
delay values used were as follows:
•

Polished Line 1: 0 µs

•

Polished Line 2: 250 µs

•

Polished Line 3: 500 µs

These values were chosen such that the entire range of the initial experiments could be
tested, but simply reduced down to three lines due to limitations of the IR camera FOV.
With the current setup, it is difficult to position the laser into the camera FOV and such
there is only a few millimeters of workable space. Since the influence of the transient
zones impact on one another is to be analyzed, the lines need to be done in the same IR
capture window. Thus, three lines were chosen such that all the lines and the immediate
surrounding area could be captured.
It became apparent during the initial tests of this experiment that the influence of the laser
delay on the temperature field during polishing was going to be difficult to analyze. This
is the case because of the operating frequency of the IR camera. Even with the camera
maxed out in terms of frames per second, each individual frame is 0.01 seconds.
Compare this to the range of minimum to maximum laser delay being 500 µs
(or 0.0005 seconds) and it becomes clear that the capabilities of the camera are not ideal
for analyzing this scenario. Despite this, a couple reasonable results were able to be
drawn from the data that was captured during experimentation.
Looking first at the temperature gradients at the end of the polished lines, it is apparent
that there is a slight but noticeable difference between the minimum and maximum delay
lines. This can be seen in Figure 4-17. The frames in this figure were both captured three
frames (0.03 seconds) after the frame in which the laser beam reached the end of the line.
This was done to allow for heat dissipation such that the impact of the delay could be
studied.
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Figure 4-17: Infrared video capture for (a) minimum and (b) maximum laser delay
values
Although the temperature gradients between the minimum and maximum laser delay
values are only slightly different, it shows that the IR camera is capable of noticing the
change in the process. This is significant because, similar to the transient zone analysis
completed in Chapter 3, the larger delays produced “craters” within the transient zones
which are far from ideal in a polished line. This can be seen in Figure 4-18.
Again, having a correlation between the results obtained via the IR camera and the realworld impact is significant in terms of process monitoring and control. Although, unlike
the track width measurements, the differences in the impactful zones are quite small.
However, with improved accuracy and a further understanding of the influence of the
temperature, it would be possible to implement into process control.
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Line 1
Delay = 0 µs

Ø 155 µm

Line 2,
10 µm

Delay = 250 µs

Ø 175 µm

Ø 240 µm
- 15 µm

Line 3
Delay = 500 µs

0.5 mm
Figure 4-18: Topography of ending transient zones for lines generated during IR testing
Another outcome of these experiments can be seen when analyzing the temperature
profiles for not only the end of the polished lines, but also for the beginning. Similar to
the temperature profiles studied earlier, the data was obtained by capturing the
temperature at a single point over time. Contrary to the earlier study, the time in this
study is relevant as it shows the timing of lines produced as well as temperature influence
between lines.
This is the case because it was previously stated that the temperature influence from
previous or subsequent lines in a line test method experiment could affect the formation
characteristics in the transient zones. Thus, to test this, the entire line test method and
each of its lines must be analyzed within one video capture of the IR camera such that the
real-time temperature interaction can be analyzed.
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To accomplish this, as mentioned above, three lines were produced at 1 mm separation
with a laser power of 100 W and laser beam velocity of 50 mm/sec. Since the focus of the
analysis is on the beginning and end of each lines, six main zones of interest are created
(one at each line start and one at each line end). The temperature data is captured in each
one of these zones in a similar fashion as the data captured previously. A 3 x 3 pixel
measuring area is placed at the beginning (laser on) and end (laser off) of each line and
the temperature data is captured in real-time throughout the entire process of generating
the three polished lines. To clarify the situation, the measuring areas are labeled and
correlated to their respective positioned, which can be seen in Table 4-3.
Table 4-3: Layout of event occurrences and measuring areas
Polished
Line No.

Laser Delay
(µs)

1

0

2

250

3

500

Event
No.
E1
E2
E3
E4
E5
E6

Line
Location
Start
End
Start
End
Start
End

Event
Action
Laser On
Laser Off
Laser On
Laser Off
Laser On
Laser Off

Measuring Area
(3x3 Pixels)
A1
A2
B1
B2
C1
C2

Another item of note from the above table is the mention of “Event Number(s)”. Within
each of the measuring areas, there is an occurrence of what will be referred to as events.
These events refer to when the laser beam is turned on or off for each respective polished
line. This system was implemented to further clarify future figures in this study. Thus, if
necessary, refer back to Table 4-3 for event occurrence clarity.
A physical interpretation of the line generation layout, as well as the measuring areas, can
be seen in Figure 4-19. This figure also provides the temperature data of each of the
measuring areas over the course of the experiment. Figure 4-19 also outlines the resulting
temperature interactions between zones during the various event occurrences throughout
the experiment.
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Laser On Movement

(a)
Line 3
500 µs Delay

Line 2
250 µs Delay

Line 1
0 µs Delay

Laser Off Movement

C1

C2

B1

B2

A1

A2

Line End(s)

Line Start(s)
- Measuring Areas
(b)

E2
E1

E3

E4

E6

E5

A1

A2

B1

B2

C1

C2

- Event influence on subsequent measuring areas
- Event influence on previous measuring areas
Figure 4-19: (a) Line generation layout and (b) Temperature profiles for laser delay
experiments
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One conclusion to be drawn from these results is the influence of the previous polished
lines on subsequent lines, which was considered to be potentially impactful on the
formation of the transient zones. Since the temperature profiles are relatively the same for
beginnings and ends of the lines, despite the minor influence from surrounding lines
(depicted by the small temperature “bumps” in the temperature profiles) it can be
assumed that the effect of one line on another is almost negligible at this separation
distance.
However, what becomes intriguing about this result is that, even though there is quite a
large separation (in terms of the scale of the experiment), there is still a slight influence
between measuring areas. Therefore, it can be assumed that, even with the same line
separation distance, the influence would be much larger if the power was increased or the
laser beam velocity was increased (less time for temperature dissipation). Another
intriguing aspect that would be influential to study in future work would be the influence
between lines when stacking individual lines in an area polishing process.
The second item of note is the general shape comparison between the beginning and end
of the polished lines. When looking at the beginning profiles, it can be seen that the
temperature quickly rises to the peak temperature with minimal rise time. For comparison
sake, it can be seen in the end lines that there is some slight build-up to the peak
temperature. This is indicative of the front of the temperature “comet” having an
influence on the ends of the polished lines. This could explain why, in the studies
conducted in Chapter 3, that the laser delay had minimal impact on the start of the
polished lines. At the beginning of the line the workpiece is not influenced until the beam
is activated, whereas the end of the lines is “pre-heated” by the approaching beam.
Therefore, by increasing the laser off delay value, there is more time allowed for the
temperature gradient to permeate in the transient zone, which would explain the
“cratering” effect seen in the results.

4.3.4 Detection of Irregularities in Polished Line
One unexpected result that came out of the experimentation done with the infrared
camera was the ability to detect irregularities or asperities within a polished line based on
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the thermal characteristics of the line being produced. When doing the analysis on some
of the previous lines generated in this study, it was noticed that some odd temperature
distribution was occurring in the “tail” section of the thermal “comet”. In these scenarios,
the thermal pattern would not dissipate like it would in the ideal “comet” scenario, but
instead, when crossing over a particular section of the polished line, would bunch up and
form a sort of “blob” of excess temperature behind the main molten pool which would be
left behind to dissipate. An example of this occurring can be seen in the temperature data
captured by the camera in Figure 4-20 (left-side images). This irregularity occurred in a
line produced with a laser power of 100 W and a velocity of 50 mm/sec. The sequential
images in this figure begin at the 6th frame (or 0.06 seconds) into the line being produced.
This means that the temperature and the parameters involved have had enough time to
reach a steady state before the irregularity was formed.
When looking at this figure, it can be seen that the temperature distribution shape in the
6th and 7th frame tend to be similar to that of the typical “comet” shape seen in other
results. However, as the laser moves further into the 8th frame, it can be seen that the tail
end (left side) of the temperature gradient is much larger than that of a typical example.
Then, as the laser moves further away from this location in subsequent frames, the
temperature spike in this particular location is left behind causing the temperature in this
location to stay higher than expected. In doing so, the temperature of the surrounding area
is also effected as well.
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`
Laser Travel Direction

Distance Along Line
Temperature

(a)

(b)

(c)
Camera Cut-off
Temperature
(~ 250 °C)

(d)

(e)

(f)

(g)

1 mm

1 mm

Figure 4-20: IR captured data displaying asperity behavior at (a) 0.06s (b) 0.07s (c) 0.08s
(d) 0.09s (e) 0.10s (f) 0.11s and (g) 0.12s during polished line
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An interesting aspect of this outcome was discovered when watching the real-time
temperature profile display of the infrared camera software. The temperature profiles
produced by the camera software, which have no post-process alterations done, for each
frame can be seen (on the right side) in Figure 4-20. The advantage of these temperature
profiles is that they are generated in real-time, meaning that no post-process analysis is
required. When analyzing these temperature profiles, it can be noticed that as the laser
reaches the location of the irregularity, a small “hump” is formed in the rear of the
temperature profile which was not present prior to that frame. As the laser moves past
this location, the hump in the rear of the temperature profile remains as an influence. This
hump in the temperature profile coincides with the location of the temperature flux in the
IR capture window. This is significant because it means that the IR camera software
would be able to determine these irregularities in real-time by analyzing a combination of
both the live image being produced as well as the temperature profile of the polished line
being generated.
However, this would not be an impactful resource unless there was some correlation to
the output conditions of the polished line. Thus, topographical analysis was completed on
the line that was produced in the above example and it was found that there was an
irregularity in the polished line both in terms of track width and topography of the
polished line. This analysis can be seen in Figure 4-21.
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(a)

Camera Cut-off
Temperature
(~ 250 °C)

1 mm

Ambient
Temperature

(b)
10 µm

-10 µm
(c)

Location of Irregularity

Figure 4-21: (a) IR camera capture, (b) topography of asperity and (c) profile
comparison of asperity to initial surface
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Looking first at the track width of the polished line, which can be seen in the topography
image of the figure, it can be seen that track width in the location of the irregularity is
slightly odd. In comparison to the track width after the location of the asperity, it is clear
that there is an issue with the shape of the polished line. In the area of the irregularity, the
track width becomes “pinched” in comparison to the track width of the steady-state
polished line (to the right of the irregularity).
When analyzing the profile of the center of the polished line (Figure 4-21), it becomes
clear that there is a connection between the temperature inconsistencies noticed by the IR
camera and the polished line. In the steady-state areas of the polished line, the peaks and
valleys of the profile fluctuate between approximately 1 and -2 µm. However, in the zone
effected by the irregular temperature behavior, the profile spikes to over 8 µm. Actually,
the entire area effected by the irregularity represents quite a rather large bump in the
polished line, which is far from ideal in a polishing process.
One potential explanation for this phenomenon is that the capillary forces and the surface
tension characteristics of the melt pool are effected by the irregularity. In this particular
case, since the temperature behind the main molten pool is quite large, it is possible that
the material behind the laser beam remains molten for longer than anticipated, resulting
more material being melted and re-solidified. This would explain why the profile in the
effected zone represents a hump, meaning that the excess molten material is build up in
the affected area.
Another potential reason for the irregular behavior of the temperature and the associated
formation characteristics that was investigated was the influence of the initial surface of
the workpiece. As can be seen in Figure 4-21, the center line profile of the polished line
was compared to that of the average profile of the initial surface of the workpiece. Since
ground flat surfaces are rather inconsistent, the “average” profile was derived from four
profiles, two on either side of the polished line. These profiles were chosen such that they
were close to the polished line but not actually effected by the process. The profiles were
produced by exporting the 3D data generated by the scan software as a “.dat” file. This
file was then manipulated using a code written in MATLAB R2017a, which extracted the
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necessary profile information. When analyzing this profile comparison, it was noticed
that there were two rather large spikes in the initial surface near the beginning of the
irregularity zone. A potential outcome of this is that the spikes in the surface had an
influence on the formation of the molten zone causing the influx of molten material in the
irregularity zone.
For comparison sake, the same profile comparison analysis was done on a polished line
that was generated during IR testing that did not exhibit any noticeable irregular
temperature behavior. This line was generated with the same input parameters as the line
that was analyzed previously. The resulting profile comparison can be seen in Figure
4-22 below. It is clear that the profile of the polished line in this scenario is much more
suitable to the polishing operation than that of the previous line. This becomes further
evidence that the irregular readings generated by the IR camera can be linked to the result
of the polished lines.
Since a few different types of temperature irregularities were detected while producing
the various polished lines in this study, some of which do not merit in depth analysis, the
above analysis will serve as a general envelope of knowledge which encompasses all the
irregularities that were noticed during experimentation. For example, the odd shape that
was detected in Line 4 of the experiment done in Chapter 4.3.2 could be considered an
irregularity in the temperature profile. Similar to the above example, the resulting
polished line did suffer in terms of overall quality as a result of the temperature
fluctuations. Again, this one particular example could be studied in depth to analyze
potential impacting factors and determine what caused the outlying temperature
characteristics.
However, the important conclusion to be drawn from this section is not that each
irregularity has an impact on the outcome of the polished line, but more so that the IR
camera setup is capable of capturing and recognizing these asperities in real-time. This
becomes influenceable because, yet again, it has the potential to be implemented into a
process monitoring and control system for laser based applications.
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(a)
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Camera Cut-off
Temperature
(~ 250 °C)

Ambient
Temperature

(b)

10 µm

-10 µm

(c)

Figure 4-22: (a) IR camera capture, (b) topography of steady state and (c) profile
comparison for line segment produced with no irregular temperature behavior
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4.4 Summary
The focus of this chapter was on introducing a thermal imaging camera in the laser
polishing experimental system. By doing so, the goal was to generate a greater
understanding of the thermo-physical phenomenon which occur during the laser polishing
process.
The early sections of the chapter introduced the basic principles involved with infrared
technology and thermal imaging systems. The design of a new mounting bracket and gas
enclosure was discussed, as well as the implementation of the IR camera into the preexisting experimental setup. The limitations of the setup used as well as the IR camera
were touched on.
In the results section, the IR camera was used in different experimental setups to test and
study the previously analyzed laser polishing processes. The IR camera setup was used to
analyze the thermos-physical characteristics during focal offset testing and transient zone
testing. Through these tests, it became apparent that, despite the qualitative nature of the
analysis, the IR camera setup proved adequate for process monitoring and control
applications.
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Chapter 5
Summary and Conclusions

5
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5.1 Summary
The focus of the work done within this study was on increasing and improving the
knowledge surrounding the laser polishing process within industry. Although the laser
polishing process has been around for decades now, it is just more recently becoming
more prevalent in the manufacturing industry. Therefore, generating a greater or more
broad understanding of the process and the phenomena that occur during the process
becomes a beneficial contribution to the industry. Through the use of multiple
experimental methods, this was accomplished.
The first focus of experimental work was on altering various laser polishing parameters
in a wide set of experiments to analyze the outcome of the laser polished lines and study
the influence that the parameters have on the surface geometry formation characteristics.
The main parameters that were altered were laser power, laser beam velocity, focal offset
distance and laser delay values. Although the parameters in this particular set of
experiments have been analyzed before, this study differs in the fact that the average
surface roughness was analyzed in combination with the steady state track width of each
polished line. As mentioned previously, the surface roughness is often the key output
parameter, however, the track width plays a large role as well in area polishing.
Therefore, a better understanding of the track width size and formation becomes
important. This particular experimental method has the potential to impact industrial
methods in the following ways:
•

The introduction of a most preferable operating range in terms of input
parameters. By analyzing the effect of various input parameters and their effect on
track width and surface roughness, it became evident that based on power and
speed, there is a most preferable range of focal offset distance to run at. By
knowing this information, the tool path and operating parameters can be more
accurately predetermined prior to experimentation

•

The innovative idea of trends within the track width based on laser power, speed
and focal offset distance. This “W-Shaped” trend in the track width data
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introduces the potential of accurately predicting the track width of a polished line.
This again, becomes influential in area polishing operations.
The second focus of the experimental work was a continuation of previous experiments.
It was noticed in these experiments that, depending on the various input parameters, that
the size and shape of the transient zones in the polished lines differed from one another.
Therefore, the scanner control parameter known as laser delay (which controls the
synchronization of laser power and speed) was altered to study the effect it had. By doing
so it became apparent there was a correlation between this parameter and the outcome of
the polished line. The analysis of this experimental method led to the following
contributions:
•

Appropriate laser delay values were determined such that the formation within the
transient zone would reflect that of a close to the most suitable scenario from a
laser polishing point of view in order to achieve desired outcomes (e.g., desired
polished area and surface quality).

•

The topography formation within the transient zone was analyzed and
demonstrated clear impact on the overall surface quality.

Finally, a thermal imaging camera mount and enclosure was designed and implemented
into the experimental setup such that the temperature fields of the laser polishing process
could be captured with the IR camera. Despite the fact that the laser polishing process has
been around for quite some time, most of the experimental analysis is still done postprocess. Therefore, by introducing an IR camera into the setup, it becomes possible to
capture and analyze thermal data in real-time as opposed to after the process is
completed. Although there were complications and limitations with this particular setup,
this experimental method resulted in a variety of intriguing results. Both the temperature
fields and temperature profiles generated and analyzed provide beneficial insight into
understanding the thermos-physical behavior which occurs during laser polishing. The
thermographic analysis done in this research has led to the following contributions to
science and technology:
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•

The real-time data acquired during the laser polishing process, such as
temperature field shape and size as well as the temperature profiles generated,
shows a strong correlation to the track width and average profile surface
roughness of the generated lines. This introduces the possibility of laser polishing
process monitoring and even process control in advanced manufacturing
applications.

•

Since the real-time thermographic analysis is capable of determining surface
irregularities in the thermal field, this can be used for on-line adaptive process
control with respect to actual surface topography. This means that, if an
irregularity is identified in real-time by measuring surface geometry prior to
polishing, the tool path and process parameters could be altered or the polished
line with significant surface irregularities can be re-done until desired surface
quality is achieved.

•

There is also a potential possibility to determine actual quality of the laser
polished lines / areas for achieving desired surface quality and improving process
performance.

5.2 Conclusions
The main objectives of this thesis were initially split into two main objectives as stated in
the introduction. The first of these main objectives was to generate a greater
understanding of the influence of laser polishing parameters on the outcome of polished
lines. This objective was accomplished through the use of multiple different experimental
tests. Although there are a great number of influencing parameters in the laser polishing
process, the initial focus was on varying laser power, laser beam velocity and the focal
offset distance. The influence that these parameters have on not only the surface
roughness but also the width of the laser polished track was studied. By analyzing the
track width formation characteristics, the understanding that these input parameters have
was increased which can impact the overall laser polishing process.
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Beyond this, the novel idea of analyzing the transient (or non-steady state) regions of the
laser polished track was introduced. During earlier experimentations, it was observed that
the formation characteristics of these areas was inconsistent dependent on both laser and
scanner input parameters. The influence of these parameters was experimentally analyzed
such that the knowledge surrounding these influential regions was increased. Again, by
increasing the understanding in these regions, the knowledge of the laser polishing
process as a whole is increased.
The second objective of this study was to implement a thermal imaging camera into the
laser polishing process to generate more knowledge about the thermos-physical aspects
occurring during the laser polishing process. Again, it can be seen that this objective was
also achieved through various experimental means. Although there were limitations with
the setup and the IR camera used, novel results were still achieved by implementing the
camera into the process. By doing this, the thermal behavior during polishing was studied
for varying input parameters and different polishing scenarios. With this information, it
became evident that the implementation of an IR camera into an industrial application
would be well suited for process monitoring and control.
Therefore, it is evident that the objectives of this thesis were met, however, as with most
research, the work done in this study is not exhaustive. This means that the information
provided here opens the door to further analytical study of the laser polishing process.

5.3 Future Recommendations
With that in mind, there are a few recommendations that can be made to improve and
extend the knowledge generated in this study. To improve upon the work done in
Chapter 2, the “ideal” sets of generated lines should be implemented into an area
polishing process. By doing so, it becomes possible to validate whether or not the
properties of the single polished lines carry over to a laser polishing application. This
would be beneficial to increase the knowledge of area polishing applications.
This also applies to the work done in Chapter 3 as well in which the transient zones of the
polished lines were analyzed. However, before implementation into area polishing, the
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understanding of the transient zone characteristics should be increased. Since this is a
novel idea, more in-depth experimentation needs to be completed to fully understand the
phenomena occurring.
Finally, in terms of the thermal camera in-process data analysis, there are a few
recommended improvements. Although the camera used in this study was adequate, it
was not best suited for this application. Thus, it would be recommended if this study were
to continue, to use a more suitable IR camera. By doing this, it would become possible to
study the full range of temperatures necessary for the laser polishing process. Second,
even with the camera used in this particular setup, it would be recommended to
investigate further the process monitoring and control capabilities of the software.
Creating a possible real-time control setup of the polishing process would be greatly
beneficial in industrial applications.
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